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SYSTEM FOR OPERATING DC MOTORS 
AND POWER CONVERTERS 

Field of the Invention 

5 The present invention relates generally to motors and power supplies and, in 
particular, systems for operating a direct-current (DC) motor or power converters. 

Background 

In the treatment of sleep apnoea and other respiratory disorders, a positive air 
10 pressure is used applied to the patient airway. The equipment used is known as an air 
flow-generator. 

A method used to generate air pressure is shown in Fig. 1. A brush-less DC motor 
(16) is used to drive a turbine or blower (15), The turbine (15) generates the airflow 

15 for the patient The brush-less DC motor controller (14) in coiyunction with the 
control electronics of the flow generator (13), receive power from a power supply 
(12) that is connected to the AC main through a filter (1 1). Sometimes, the filter is 
built into the power supply itself Control signals are sent from the control 
electronics (13) to the brush-less DC motor controller (14), so the speed of the-motor 

20 (16) can be controlled. 

The pressure and the amount of air delivered depend on the speed of the turbine. In 
some types of equipment, pressure and flow sensors are used to monitor these 
variables and change the speed of the motor to achieve the desired effect. Also, in 
25 some cases, the speed of the motor is changed, alternating between a high and a low 
value, either in response to the patient respiration or as part of an automatic cycle. 
Equipment performing in this way is known as bMevel devices. 

In Fig. 1, a single power supply (12) provides power to both, the motor driving 
30 circuits (14) and the control electronics (13). 
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the PCM melts by absorbing from the surroundings the necessary latent heat. On the other 
hand, when the ambient temperature falls below the melting temperature of a liquid PCM, 
solidification occurs with release of stored latent heat. 

5 The ice to water phase change has been relied upon extensively to effect cooling during the 
melting process. However, in this case the body must also be adequately insulated from 
the ice in order to avoid discomfort and/or chilling. The need for insulation can add to the 
overall bulk and cost of a garment relying on this system. Ice is also inflexible and this can 
lead to the garments being cumbersome and uncomfortable to wear. Cooling performance 

10 may also be diminished where the inflexibility of ice impedes intimate thermal contact 
with the contours of the body. 

Inorganic salt hydrates are also commonly used. These tend to be cheap and exhibit 
favourable heat storage characteristics. However, the salts tend to segregate resulting in a 
15 reduction in active volume. Salt hydrates can also exhibit supercooling (delayed on-set of 
solidification) and tend to be corrosive to metals that are sometimes used in thermal 
storage systems. 

Use has also been made of paraffins waxes, and the like. They tend to be chemically 
20 stable, exhibit little or no supercooling effect, are relatively safe and non-reactive. Their 
flammability may be reduced by suitable containment. However, conventional 
commercially available waxes tend to exhibit low thermal conductivity in the solid state 
and a broad temperature range over which the complete phase change is observed. The 
result is either very slow or incomplete phase change and poor sensitivity. High volume 
25 changes can also accompany the phase change and this can cause containment problems. 

It is also known to microencapsulate PCMs into fibres, fabrics, foams and/or coated 
surfaces to impart thermoregulatory properties to textiles. However, the microcapsules 
tend to be small with the result that the thermal capacity of the PCM is relatively low. 
30 Water, such as perspiration, may become trapped within the bulk of the textile and this can 
also be to the detriment of the thermal capacity of the PCM. 
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A brash-less DC motor, or BLDCM, is a DC motor, with an electronic commutator. 
Fig. 2 shows a block diagram of one type of permanent magnet brush-less DC motor 
along with its electronic commutator. 

5 

The driving electronics consist of a logic circuit (22), that control a set of electronic 
switches (21) that switch power to the motor windings (23) much as the brushes do in 
a conventional DC motor. Current through the windings (23) generates forces in the 
rotating magnets (24), making the rotor of the motor to spin. The switches (21) can 
10 connect the end of its corresponding winding to either the positive or the negative 
side of the DC voltage source, and also they can leave the winding unconnected. 

The logic circuit (22) of the electronic commutator has as an output two control 
signals per switch, shown in the figure as signal groups SWC1 to SWC3, of two lines 
15 each. The motor has hall-effect sensors (25, 26 and 27) that are used by the logic 
circuit (22) to detect the position of the rotor and switch the right waveforms to the 
windings (23). Typically, the industry uses a three phase motor (three windings) that 
are depicted in Y-configuralion, for example, but may also be in a triangle 
configuration. 

20 

As the axis of the motor rotates, the motor windings are driven with three trapezoidal 
6-step waveforms. During each step, voltage is applied to two windings only. 

There is also a sensor-less mode of operation, in which a special controller monitors 
25 the voltage in the winding that has been left open circuit to read the back-emf 
generated in the winding as the motor axis rotates. 

In a CPAP application, like the one shown in Fig. 1, the BLDCM (16) takes 
considerable power especially during its acceleration periods. In a typical CPAP 
30 application, a motor can take around two amps at 24 volts (or more if a 12 volts 
motor is used), depending on the pressure and flow generated, and the particular 
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motor chosen. The electronics necessary to perform the control, however, can be 
designed so the electronics take under 0.1 amps of current at a relatively low voltage. 
Most of the electronics can work with 5 volts while only the pressure and flow 
sensors may need more, depending on the implementation. 

5 

The power supply for the motor (16 in Fig. 1) and the switching section of the 
electronic commutator (21 in Fig. 2) require more relaxed specifications than the 
power supply for the control electronics (13 in Fig. 1) or the electronic commutator 
logic (22 in Fig. 2). A motor is a forgiving load for a power supply. As the motor's 
10 mechanical characteristics work as a low pass filter, the motor can tolerate a 
relatively large ripple voltage. In fact, the ripple can be up to 100% without affecting 
operation. Furthermore, some applications of motors (e.g., driving a fan or turbine) 
can tolerate the discontinuous torque that comes with a discontinuous supply of 
current. 

15 

A brushless-dc-motor-driven ventilation fan shares most of the building blocks of an 
air flow generator for medical applications. The main differences are: 

• The mechanical design of the turbine or fan itself, since a flow generator needs to 
20 produce more pressure. 

• The ventilation fan, normally, does not interface with flow and pressure sensors. 
Thus, the control electronics of a ventilation fan are simpler and should draw less 
current. 

25 Regulations like the European Standard EN 60555 and the International Standard 
IEC 555-2 limit the current harmonic content of mains supplied equipment. This 
requirement applies to both the medical application of the DC motors and the 
ventilation fans. Power factor correction must be taken into account for all new 
designs. Power factor correction can add 20 to 30 % to the cost of the power supply 

30 of equipment (see Reference 10 in Appendix C). Hence, there can be a relatively 
substantial saving in the cost of the equipment if the function of power factor 
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correction is integrated with the DC motor driver for equipment working from the 
AC mains. 

Summary 

5 In accordance with an aspect of the invention, there is provided a system for driving a 
direct-current (DC) motor under conditions of a controlled average current, the 
system comprising an inductive element for connection in series with the DC motor; 
a first switch coupled to the inductive element for connecting and disconnecting a 
terminal of the inductive element remote from the DC motor to a voltage source; a 

10 second switch connected in parallel with a combination of the inductive element and 
the DC motor arranged in series, controlled so that a current circulating through the 
inductive element circulates through the second switch if the first switch disconnects 
the terminal of the inductive element from the voltage source; a capacitor arranged 
for connection in parallel with the DC motor to limit a resulting voltage over the DC 

15 motor, means for measuring a current through the DC motor; and means for 
controlling operation of the first and second switches dependent upon the measured 
current in the DC motor. 

In accordance with another aspect of the invention, there is provided a system for 
20 driving a direct-current (DC) motor under conditions of controlled average current, 
the system comprising a capacitor arranged for connection in parallel with the motor 
to limit a resulting voltage over the motor, the other terminal of the parallel 
combination of the capacitor and the motor connected to a common terminal; an 
inductive element connected to the common terminal; a first switch coupled to the 
25 inductive element for connecting and disconnecting a terminal of the inductive 
element to a voltage source; a second switch connected in series with the parallel 
combination of the motor and the capacitor, and connected to the common node 
between the first switch and the inductive element, controlled so that the current 
circulating through the inductive element circulates through the second switch if the 
30 first switch disconnects the terminal from the voltage source; means for measuring a 
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current through the motor, and means for controlling operation of the first and second 
switches dependent upon the measured current in the motor 

In accordance with yet another aspect of the invention* there is provided a system for 
5 driving a direct-current (DC) motor under conditions of a controlled average current, 
the system comprising a capacitor arranged for connection in parallel with the motor 
to limit a resulting voltage over the motor, a terminal of the capacitor and the motor 
being connected to a DC voltage source; an inductive element connected to a 
common node of the DC voltage source, the capacitor and the motor; a first switch 
10 coupled to the inductive element for connecting and disconnecting a terminal of the 
inductive element to the terminal of the voltage source not connected to the parallel 
. combination of the capacitor and the motor; a second switch connected in series with 
the parallel combination of the motor and the capacitor and connected to the common 
node between the first switch and the inductive element, controlled so that the current 
IS circulating through the inductive element circulates through the second switch if the 
first switch disconnects the terminal from the voltage source; means for measuring a 
current through the motor; and means for controlling operation of the first and second 
switches dependent upon the measured current in the motor. 

20 In accordance with a further aspect of the invention, there is provided a system for 
driving a direct-current (DC) motor under conditions of a controlled average current, 
a voltage of a DC power supply having a larger or smaller value than a motor 
nominal voltage, the system comprising an inductive element for connection in series 
with the DC motor; an arrangement including a plurality of switches, diodes and a 

25 magnetic system, the arrangement coupled to the inductive element for connecting 
and disconnecting a terminal of the inductive element remote from the motor to a 
voltage source, the arrangement configured as circuit selected from the group 
consisting of a forward DC-DC converter; a push-pull DC-DC converter; a half- 
bridge DC-DC converter; a diagonal-half bridge DC-DC converter; a fall bridge DC- 

30 DC converter, a capacitor arranged for connection in parallel with the motor to limit 
a resulting voltage over the motor; means for measuring a current through the motor, 
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and means for controlling operation of the arrangement dependent upon the measured 
current in the motor. 

In accordance with still another aspect of the invention, there is provided a system for 
5 driving a direct-current (DC) motor under conditions of a controlled average current, 
a voltage of a DC power supply having a larger or smaller value than a motor 
nominal voltage, the system comprising a diode; a magnetic transformer connected in 
series with the diode in a circuit arrangement selected from the group consisting of a 
flyback DC-DC converter and a ringing choke DC-DC converter, the transformer and 
10 the diode for connection in series with the DC motor, a switch coupled to the 
magnetic transformer and the diode for connecting and disconnecting a terminal of 
the magnetic transformer and the diode remote from the motor to a voltage source; a 
capacitor arranged for connection in parallel with the motor to limit a resulting 
voltage over the motor; means for measuring a current through the motor; and means 
IS for controlling operation of the switch dependent upon the measured current in the 
motor. 

In accordance with another aspect of the invention, there is provided a system for 
driving a direct-current (DC) motor under conditions of a controlled average current, 

20 a voltage of a DC power supply having a larger or smaller value than a motor 
nominal voltage, the system comprising an electronic synchronous rectification 
switch; a magnetic transformer connected in series with the synchronous rectification 
switch in a circuit arrangement selected from the group consisting of a flyback DC- 
DC converter and a ringing choke DC-DC converter, the transformer and the 

25 synchronous rectification switch for connection in series with the DC motor; a switch 
coupled to the magnetic transformer and the synchronous rectification switch for 
connecting and disconnecting a terminal of the magnetic transformer and the 
synchronous rectification switch remote from the motor to a voltage source; a 
capacitor arranged for connection in parallel with the motor to limit a resulting 

30 voltage over the motor; means for measuring a current through the motor; and means 
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for controlling operation of the switch dependent upon the measured current in the 
motor. 

In accordance with yet another aspect of the invention, there is provided an airflow 
5 apparatus* comprising a brush-less DC motor; an electronic circuit for controlling 
operation of the brush-less DC motor, a power supply for the electronic circuit 
separate from a power supply for the brush-less DC motor, the power supply for the 
electronic circuit adapted to use a voltage resulting from the brush-less DC motor in 
operation once the resulting voltage reaches a suitable value; and means for reducing 
10 power to the electronic circuit from the power supply once the resulting voltages 
reaches the suitable value. 

hi accordance with a fhrther aspect of the invention, there is provided a system for 
powering a microprocessor based system from a DC voltage higher than the voltage 

15 required by the system to operate, comprising a capaoitor; means to charge the 
capacitor from the DC voltage with a current substantially smaller than the current 
the microprocessor based system needs to operate; a switch coupled to the capacitor 
so that the switch can connect power to the microprocessor based system from the 
charge accumulated in the capacitor; means for sensing the voltage in the capacitor 

20 and causing the switch to close once the voltage in the capacitor reaches a desired 
value; and means for keeping the switch closed while the voltage in the capacitor is 
over a desired value, but less than the value that caused the sensing means to close 
die switch. 

25 In accordance with another aspect of the invention, there is provided a switching 
based alternating cuirent (AC) to direct current (DC) converter, comprising a rectifier 
adapted to be connected to an alternating current (AC) mains line; a first capacitor for 
noise reduction connected in parallel with an output of the rectifier; an inductive 
element connected to a terminal of the rectifier and ther first capacitor; a first switch 

30 coupled to the inductive element for connecting and disconnecting a terminal of the 
inductive element remote from the parallel combination of the rectifier output and the 
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first capacitor, a second switch connected to the connection node between the 
inductive element and the first switch, controlled so that the current circulating 
through the inductive element circulates through the second switch when the first 
switch disconnects the inductive element from the parallel combination of the 

5 rectifier output and the first capacitor; a second capacitor for energy storage 
connected to the terminal of the second switch remote from the inductive dement, 
the second capacitor is connected in parallel with the serial combination of the 
second switch and the inductive element, the direct current (DC) output of the 
alternating current (AC) to direct current (DC) converter being taken from the 

10 terminals of the second capacitor; means for sensing a current through the inductive 
element; means for sensing the voltage across the first capacitor, means for sensing 
the voltage across the second capacitor; and a control circuit connected to the first 
switch to maintain the voltage across the second capacitor between defined limits by 
operating the first switch in a way that a current through the inductive element tracks 

15 the waveform of the alternating current line voltage to cause the AC to DC converter 
to exhibit unity power factor to the alternating current line. 

Brief Description of the Drawings 

A small number of embodiments are described with reference to the drawings, in 
20 which: 

Fig. 1 is a block diagram of an air flow generator with a common power supply for 
the control electronics and the brush-less DC motor driver; 

25 Fig. 2 is a block diagram of a brush-less DC motor included for the sake of clarity; 

Fig* 3 is a block diagram of an air flow generator with split power supply in 
accordance with an embodiment of the invention; 

30 Fig. 4 is a block diagram of an air flow generator with split power supply and the 
power supply for the control electronics circuit, adapted to use a voltage resulting 
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firom the brush-less DC motor in operation onoe the resulting voltage reaches a 
suitable value; 

Fig. 5 is a block diagram of a known DC motor driven with controlled constant 
average current; 

5 Fig. 6 is a block diagram of a system for driving a direct-current (DC) motor under 

conditions of controlled average current, from a voltage source larger than a voltage 

that the DC motor has under operating conditions; 

Fig. 6A is a set of timing charts of the waveforms present in Fig. 6; 

Fig. 6B is a more detailed block diagram of the system disclosed in Fig. 6, including 
10 timing of the waveforms of one embodiment of the invention; 

Figs. 6C-1 and 6C-2 are lists of the equations that describe the behaviour of the 

system shown in Fig. 6; 

Figs. 7A to 7L are block diagrams of further embodiments of the invention relating to 
system depicted in Fig. 6; 
15 Figs. 8 A to 8C are block diagrams contrasting embodiments of the invention and the 
known system using switched mode power supplies; 

Figs. 9A to 9L are circuit diagrams for detailed implementations of flow generators 
in accordance with an embodiment of the invention; 

20 

Fig. 1 OA is a more detailed conceptual block diagram of air flow generator with an 
auxiliary power supply and an electronic switch or a cuirent summing point to use a 
voltage resulting from the voltage on the brush-less DC motor while in operation, 
once the resulting voltage reaches a suitable value; 

25 

Fig, 10B is a block diagram of a system with an auxiliary power supply and the 
electronic switch; 

Fig. IOC is a circuit diagram of a DC-DC converter system to adapt the voltage 
30 developed over the motor to power the controlling electronics in accordance with 
Fig. 10A; 
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Fig, tOD is a block diagram of a system that allows the use of a simple auxiliary 
power supply without the need for low power electronics; 

5 Fig. 10E is a circuit diagram of an electronic switch used in Fig. 1 OD; 

Figs. 11A and 11B are diagrams of an airflow generator for CPAP treatment 
implementing an embodiment of the invention; 

10 Fig. 12 is the block Idiagram of system that shows an embodiment of the invention, in 
the form of a multiple cooling fan controller; 

Fig. 13 is a block diagram of a system that shows another embodiment of the 
invention, in the form of a single cooling fan controller, 

15 

Fig, 14 is a block diagram of another embodiment of the invention; 

Fig, 15 is a block diagram of the embodiment of the invention shown in Fig. 7J with 
accompanying analysis; 

20 

Fig. 16 is a block diagram of a topology for a power factor corrected switch-mode 
AC to DC converter; and 

Figs. 17A to 17F are diagrams of embodiments of the invention shown in Fig. 16. 

25 

Detailed Description 

Systems for driving a direct-current (DC) motor under conditions of a controlled 
average current, airflow apparatuses, and systems for powering a microprocessor 
based system from a DC voltage higher than the voltage required by the system to 
30 operate are described. Also described is a typology for power factor correction. 
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Embodiments of the invention provide a simple, less costly system that is obtained if 
the motor is made to work as directly as possible from the AC main while powering 
the control electronics from a smaller, simpler well regulated power supply. 
However, the BLDCM's available to the manufacturers of CPAP flow generators do 
5 not operate from the voltage available after the rectification of the AC main. Further 
simplification, integration and versatility can be obtained if the same control 
electronics can look after the control and mode of operation of the power supply 
itself, and the implementation of the functionality of the CPAP flow generator. 

1 0 In other embodiments of the invention, a microprocessor can provide the intelligence 
necessary for controlling the functionality of the CPAP flow generator, to also 
control the supply of power to the BLDCM controller, while still providing extra 
functionality like power factor correction, and modulation of the switching 
frequencies used in tho power supply in order to facilitate meeting the EMI 

15 directives. 

The advantage of powering the motor as directly as possible from the AC main 
brings one design for a portable air flow generator for CPAP treatment, that in terms 
of simplicity, uses a BLDCM that is connected directly to a pulsating mil wave 

20 rectified AC main. The concept is shown in Fig. 3. The control electronics (33) in 
Fig. 3 are powered from the power supply (32) that takes the power from the AC 
mains through a filter (31). The brush-less DC motor, BLDCM (35) that drives the 
turbine (36) is controlled or driven from the control electronics (34) that takes power 
from the AC mains directly through the filter (31). The electronic commutator of the 

25 BLDCM is included in (34) while the motor sensors, that should connect to (34) are 
not shown for sake of simplicity. 

As all the BLDCMs (35) suitable to build a portable air flow generator for CPAP in 
the market would not stand the main voltage directly applied to its windings, 
30 alternative methods for driving the BLDCM must be used. 
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The unavailability of brush-less DC motors suitable for use in CPAP flow generators 
that can work at rectified AC main levels that has motivated the embodiments of the 
invention, which can be seen conceptually in Figs. 4, 6, and 7. 

5 While the embodiments of the invention are directed to motors in flow generators, it 
will be appreciated by those skilled in the art, that the embodiments of the invention 
are not limited to such applications. Another application of the invention is BLDCM 
driven cooling fans, for example. 

10 The power supply that the motor and the electronic commutator require has far more 
relaxed specifications than the power supply for the control electronics. A motor is a 
forgiving load for a power supply. The mechanical characteristics of the motor work 
as a low pass filter, so the motor can tolerate a relatively large ripple voltage. In fact, 
the ripple can be up to 100% without affecting operation. If the controlled variable is 

15 the motor cuncnt, and the electronic commutator is not pulse-width modulated, the 
voltage over the motor's electronic commutator is the result of the back-cmf 
(electromotive force) generated in the windings themselves as a result of the motion. 
This voltage is approximately a linear function of the motor speed and can be used to 
estimate the speed of the motor. 

20 

There are several advantages in controlling the current through a DC motor rather 
than the voltage over that motor. For instance, it is well known that by controlling 
the current driving a DC motor, rather than the voltage over the windings, the 
electrical time constant formed by the resistance and the inductance of the windings 
25 is not part of the control loop dynamics, making the system more responsive. Also, 
the same circuitry that is used to control the current can be used simultaneously to 
detect malfunctions due to excess current, yielding a simpler, cheaper circuit. 
Finally, if the current through the DC motor is controlled, conditions of blocked rotor 
are easier to handle, as there is no excess current taken from the power source. 

30 
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Fig, 5 shows a circuit for driving a DC motor (including a BLDCM with its 
electronic commutator) under conditions of a controlled average current 

The switch (52) closes and opens as commanded by the pulse width modulator (56). 
5 When the switch (52) is closed, DC voltage from the source (51) is applied to the 
motor (54), a current flows through the inductance (the motor windings) embedded in 
the motor (L M ). When the switch opens, the current flows through the diode (53). 
The diode (53) is usually called a ••freewheeling diode" or a "catch diode". A current 
sensor (55), typically a resistor of small value, is used to measure the current Block 
10 (57) represents either an error amplifier, or a comparator, depending on the type of 
control system used. Block (57) compares the measured current with the desired or 
set current passing the information, as control signal, to a control system (58), that in 
turn controls the switch (52), 

15 This type of known system and its variations are not only applied to DC motors but 
to other types of electromechanical devices with an embedded inductance. Examples 
of these devices are other type of motors, like stepper motors and even solenoids. 

The necessary semiconductor circuitry to perform the functions in Fig. 5 can be 
20 found in integrated circuits well known to those skilled in the art (e.g., see 
references 5 and 19). 

The details of the implementation of Fig. 5 can be found in: 

25 • reference 1 , chapter 7 pages 1 55 to 1 8 1 . 

• reference 3, chapter 1 1 pages 286 to 308. 

• reference 4, Figs. 7 and 8 (technique used with other inductive devices). 

• references 5, 6 and 13 to 19. 

• reference 24, page 3-51 to 3-70 and 5-6 to 5-9, 

30 
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A limitation of the current state of the ait as shown in Fig. 5 is that when the switch 
(52) closes, the full value of the DC voltage of the source (5 1) is applied to the motor 
(54). Hence, the motor (54) must be specified accordingly. A motor designed to be 
driven from a nominal voltage of 24 volts DC is not, generally, expected to operate 
5 from the 337 volts DC that results from rectifying a 240 VAC main. 

A method for driving a motor with controlled constant average current through the 
motor windings, while taking the power from a voltage source larger than the 
maximum voltage source possible for the motor is disclosed in Fig. 6. 

10 

In the circuit disclosed in Fig. 6, a switch (62) connects the DC voltage from the 
power source (61) not to the motor (66) directly, but to an inductive element (64) not 
present in the circuit shown in Fig. 5. A capacitor (65) is added in parallel with the 
motor (66). 

15 

Referring to Fig. 6, the electronics controlling the operation of the circuit (68) 
command a pulse width modulator (69). The object of the control system (68) is to 
keep the current though the motor (66) as close as possible to the desired motor 
current command received from outside the system. The control system (68) 

20 receives the information from the current sensor (67) and the desired motor current as 
commanded from outside the system, and applies control algorithms or signal 
processing to obtain an output that commands the pulse width modulator (69). The 
operation of the control system (68) can also be described in terms of a comparison 
of the current through the sensor (67) with the desired motor current, as commanded 

25 from outside the system, and the generation of control signals for the pulse width 
modulator (69) in accordance with the results of the comparison in order to achieve 
the object described above. 

The pulse width modulator (69) is coupled to the switch (62) and can make the 
30 switch open and close. The switch (62) opens and closes repeatedly, as part of a 
pulse width modulation scheme generated in the pulse width modulator (69) to obtain 
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thc desired current in the motor (66). Every time the switch (62) is closed, the 
current in the inductive element (64) grows in proportion to the voltage difference 
applied across the inductive element (64) and the amount of time the switch is closed. 

5 When the switch is open, the inductive element (64) keeps the current flowing 
through the motor (66) and the capacitor (65), as the circuit closes through the diode 
(63). The diode (63) is performing a similar Amction to what is normally referred to 
as a catch diode or a freewheeling diode. Current sensor (67) senses a current similar 
to the current in the inductive element (64). 

10 

Generally, the capacitor (65) limits the resulting voltage over the motor, if the 
resulting voltage exceeds specifications for the motor due to a relationship between 
the impedance of the inductive clement and the impedance of the motor. However, 
even if the voltage across the motor resulting from the inductive divider formed by 
15 the inductance of the motor and the inductance (64) is within the specification of die 
motor, the capacitor (65) is needed to take the current that the inductance (64) is 
forcing into the motor, during the relatively small period of time in which the 
electronic commutator of the motor in a brushless DC motor (or sometimes, the 
brushes in a conventional DC motor) may be open. 

20 

Fig. 6B shows a detailed block diagram of one possible implementation the control 
system (68) and the pulse width modulator (69). The control system and pulse width 
modulator shown in Fig. 6B are a popular choice with integrated circuits. The motor 
(66) of Fig. 6 has been replaced graphically by its electrical model, comprising the 
25 inductance of the windings (Lm), the resistance of the commutator and the winding 
Rm> and the counter electromotive force Vemf, represented as a voltage source in 
series with Lm. All the elements of Fig. 6B, with numbers similar to the numbers 
used in Fig. 6, have similar functionality. 

30 The capacitor (65) is shown as an ideal capacitor (65B) and its effective series 
resistance (ESR), shown as a resistor labelled R ES r, in series with (65B). 
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A comparator (6B1) compares the current information in the form of a voltage from 
the sensing resistor (67), that is the voltage Vr$, with the set point, or desired motor 
current information, the voltage V UM c- 

5 

The cycle of the pulse width modulator starts periodically, when a pulse from the 
oscillator (6B3) sets the set-reset latch (6B2), causing the output "Q" to go high. The 
output M Q" of the set-reset latch (6B2) is connected to the switch (62). The output 
"Q" is labelled SWC, from switch control. A high in SWC causes the switch (62) to 
10 close. Current flows through the inductance (64), the capacitor (65), the motor (66) 
and the sensing resistor (67). When the current sensed in (67) is larger than the set 
point value (V DM c)» the output of the comparator (6BI) is high, and the set-reset latch 
(6B2) is reset 

15 With the reset input active, the output "Q" (also labelled Swc) changes into low, and 
the switch (62) opens. The higher the value of the signal V DM c, the higher the 
current is allowed to grow in the inductance (64), and the higher the average current 
through the motor is. Also, the time the switch is on (Ton) grows. 

20 The five chart timing diagram at the bottom of Fig. 6B shows the timing of some 
waveforms in the circuit: 



OSCOUT: Output of the oscillator (6B3). f is the period of the PWM signal. 
SWC: Control input to the switch (62), output "Q" of the S-R latch (6B2). 
25 Vks: Voltage as a result of the current flow in the sensing resistor (67). 

1l: Current through the inductance (64). 

RESET: The output of comparator (6B1), and the reset input of the S-R latch 
(6B2). 



30 



The type of control system and pulse width modulator shown in Fig. 6B is only one 
example. The control schemes used with the circuit shown in Fig. 5 can be used in 
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the control system (68) and the pulse width modulator (69) of Fig. 6. In fact, the 
circuit disclosed in Fig. 6 can be implemented with some of integrated circuits that 
are currently used to implement the circuit disclosed in Fig. 5. An example of this, is 
in the reference 13. 

5 

Reference 13 uses an integrated circuit (UC3842) belonging to the same family 
(similar type of control system and pulse width modulator) that the integrated circuit 
(UC2845) used in one of the embodiments of the invention depicted in Fig. 9H. 
Reference 23 is the data sheet for the UC3842. 

10 

This means that the pulse width modulation scheme used can be any of the types 
currently used to control the current through relay coils of motor windings, when the 
available voltage is compatible with the maximum operating voltage through the 
windings. It must be noted, however, that with the oircuit shown in Fig. 5, there is no 
15 need for a capacitor in parallel with the motor and there is also no need for any 
inductance externally connected in series with the motor winding. 

The chosen value for capacitor (65) is not critical but cannot be too small. If at the 
fiequency of operation of the pulse width modulator (69) the impedance of the 
20 capacitor (65) is negligible in comparison with the impedance of the motor (66), the 
value of the current through the inductive element does not depend on the 
characteristics of the motor (66). 

Capacitor (65) may be chosen large enough to render the system formed by the 
25 capacitor (65) coupled with the impedance of the motor and the inductance (64) at 
least slightly over-damped. However, the resulting capacitor can be big. It is not 
necessary, if the rate of change of the controlled average current is limited. 

Because of the current feedback system used in Fig. 6B to keep the current through 
30 the motor (66) constant, independently of the motor voltage, the inductive element 
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(64) does not resonate with capacitor (65). Consequently, any ringing in the voltage 
between the motor (66) and the common terminal has a frequency (f Mring) given by: 

fMring-W(2 nV(LM^C)) 

5 

where Lm is the inductance of the windings of the motor (see Fig. 6B). 

Also, if Rssr is assumed to be negligible in comparison with Rm, the condition to 
choose the value of capacitor (65), C, for the output circuit in Fig- 6B to be over- 
10 damped is: 

C>Lm*4/Rm 2 . 

Capacitor (65) has to have a low ESR and good pulse characteristics. The type of 
15 capacitors used as filters in switched mode power supplies are a suitable choice. 

In some of the embodiments of the invention, the capacitor in parallel with the motor 
is also used to accumulate charge, making it possible to have different current 
through the inductive element and the motor. 

20 

Sometimes, with the known systems (Fig. 5), a small value capacitor, typically 
ceramic high frequency capacitor, is used to filter commutation noise in DC motors 
to improve EMI compliance. This capacitor cannot be confused with capacitor (65). 

25 If the noise filtering capacitor of the cutrent state of the art is removed, the motor 
continues to operate. However, this only happens with the embodiment of the 
invention, if the inductance of the motor has a value such (hat the inductive divider 
formed with the inductive element (64) yields a resulting voltage compatible with the 
safe operation of the motor. With the capacitor (65) in the circuit, the impedance of 

30 the motor conducts only DC cuirent in steady state, and hence is not part of the 
dynamic of the system controlling the current. With some systems, it would be an 
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advantage not to have current at the frequency of operation of the PWM(69) 
travelling through the wires to connect to the motor (66), especially if the frequency 
is high to have a physically small inductive element (64). 

5 Some of the pulse-width modulation schemes known that can be used for the circuit 
disclosed in Fig. 6, are listed below: 

1. Hysteresis PWM 

Cycle by cycle current control- A hysteresis band is set around the desired 
10 current level. The top of die hysteresis band determines when the switch is 

turned on and conversely the bottom of the band determines when to turn the 
switch off. Ripple current is determined by the difference between the levels 
and the speed of reaction of the circuitry. Must be able to sense the current 
during the whole cycle. Frequency is determined by the value of the currents, 
15 the value of the DC voltage source and the value of the energy (current) storing 

inductance. 

2, Clocked iurn-ON, constant frequency PWM 

Cycle by cycle current control. A periodic signal (clock) starts the cycle by 
turning the switch on. At a desired current level the switch is turned off. The 

20 frequency is determined by the frequency of the periodic signal, It is necessary 

to measure the current while the switch is on, and not during the whole cycle. 
It is the most commonly used PWM in systems with current mode control. It is 
the system shown in Fig. 6B, used in the IC chosen for the detailed 
implementation shown in Fig. 9H (UC2845) and implemented with small scale 

25 integrated circuits in Fig. 1 IB. 

3. Clocked turn-OFF, constant frequency PWM 

Cycle by cycle current control Like the type 2 above, but the periodic signal 
turns the switch off, to be turned on when the current has dropped under a set 
value. It is not necessary to measure the current during the whole cycle. The 
30 frequency is determined by the frequency of the periodic signal. 

4, Two current levels PWM (also called triangle PWM) 
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Cycle by cycle current control. One current level to turn the switch on, another 
to turn the switch off. Ripple current determined by the difference between the 
levels and the speed of reaction of the circuitry. Must be able to sense the 
current during the whole cycle. Frequency is determined by the value of the 
5 currents, the DC voltage source and the value of the energy (current) storing 

inductance. 

5. Constant OFF time PWM 

Cycle by cycle or average current control The cycle starts by turning the 
switch on* When the current reaches a prc-set level, the switch is turned off 

10 and stays off for a fixed amount of time, to complete the cycle. At the end of 

(he fixed period of time, the switch is turned on again, starting a new cycle. It 
is necessary to measure the current while the switch is on, and not during the 
whole cycle. Frequency is determined by the value of the current, the value of 
the DC voltage source, the value of the energy (current) storing inductance and 

15 the fixed time off of the switch. If the average current over a number of cycles 

is controlled, the on time is made to vary as a result of the difference between 
the desired current and the actual current. 

6. Constant ON time, average current PWM 

The switch is closed for a fixed period of time. At the end of the fixed period, 
20 there is a variable delay, and the cycle starts again. The frequency is variable. 

The average current over a number of cycles is controlled, rather than during 
each cycle. The off time is made to vary as a result of the difference between 
the desired current and the actual current. 

7. Constant frequency, variable duty cycle PWM 

25 The duty cycle of a square wave is made to vary as a result of the difference 

between the desired current and the actual current. The average current over a 
number of cycles is controlled, rather than during each cycle. It is the most 
widely used choice in voltage control mode switch mode power supply 
integrated circuits. It is also available as a peripheral in microcontrollers. 

30 8. All variable (On time, Off time and the Frequency) 

This method is described in reference 7 at page 64. 
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A more detailed description of the operation of the pulse-width modulation schemes 
above can be found in: 

• Reference 1 pages 174 to 179 

5 • Reference 3 pages 64, 93, 104 to 145, 249 and 297 

• Reference 12 pages 70 to 75 

Fig. 6A shows the idealised waveforms in the system depicted in Fig. 6. The names 
in the charts are referencing points in the embodiment of Fig. 6B, however, as only 

10 two cycles are shown, any of the above listed pulse width modulations schemes give 
similar waveforms. Obviously, if enough amount of cycles would be considered, 
different pulse width modulators show different timing, since for instance, some 
change the frequency of operation. However, there always is a "Ton* and a 'Toff", 
the analysis can be made in a similar way, the results will be similar, and with all of 

1 5 them, a similar value of average current can be obtained. 

In Fig. 6A, the waveform in the charts, are: 



V A : Voltage between point A in Fig. 6B and ground. 

20 V FD : Forward voltage diode (63). 

V s : Voltage across the switch (62). 

Vdsw: Voltage-drop across the switch (62) when the current I L flows. 

Vl: Voltage across the inductive element (64). 

Vu»: Peak value of Vi,. 

25 Vlm: Minimum value of V L . 

Il: Instantaneous current across the inductive element (64). 

Ail' Difference between the maximum and the minimum values of I^. 

Iipk' Peak value of II. 

Ia veraoe: Average value of II- Is similar to the current through the motor I M . 

30 T: Period of the pulse width modulator (It can be variable). 

Im : Motor current, the variable that is controlled, by changing the PWM. 



WO 2005/008878 



-22- 



PCT/AU2004/000982 



Ic: Current through the capacitor (65). 

Ton: Period of time the switch (62) is closed, SWC must be high. 

Toff: Period of time the switch (62) is open, SWC must be low, 

Vc: Voltage over (C65B) the capacitive part of the model of the real 

5 capacitor (65). 

VesR: Voltage over Resr the resistive part of the model of real capacitor (65). 

V M : Voltage as indicated in Fig. (6B). 

SWC: Control input to the switch (62). A high value causes the (62) to 
close. 

10 1$; Current through the switch (62). 

Id- Current though the diode (63). 



For all the charts, the independent variable is the time. 

15 Some of the charts in Fig, 6A have the dependent variable not in scale, This was 
thought to be a better choice than letting the small value of some variables like V c , 
Vdsw and V PO , hide their existence in the charts. If the power source (61) in Fig. 6 is 
rectified AC main voltage, the value of V r4 », in the chart labelled V L , has to be drawn 
out of scale, as shown in the chart. 

20 

Figs. 6C-1 and 6C-2 have the equations describing the operation of the circuit 
disclosed in Fig. 6, using the embodiment shown in Fig. 6B. The equations hold true 
even if a different pulse width modulation scheme is used. With some types of pulse 
width modulator, the frequency is not constant. The equations, however, are correct 
25 for each value of the parameters, once steady state is reached. Most of the variables 
have already been listed above, the exceptions are: 



Vdc: Value of the voltage of the DC power source (61). 

Rm - . The resistance of the windings and commutator of the motor (66). 

30 Vemf: Counter electromotive force of motor (66). It is the voltage induced in 

the windings as the motor axis rotates. 
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Kv: DC motor constant. The voltage of Vemf induced for unit of angular 

speed (Volt * sec). 
o>: Angular speed of motor axis (1 /sec). 

Vrs: Voltage (hat is the Tesult of the current been measure using the sensing 

5 resistor (67). 

Rs: Value of the sensing resistor used to measure the cunent. The resistor 

value has to be negligible in comparison with the resistance of the 

motor Rm. 

Resr: Effective series resistance of the real capacitor (65). 

10 Ilmin: Minimum value of the current through the inductance (64). 

F: Frequency of the pulse width modulator F^l/T. 



The analysis used the fact that as the impedance of the capacitor (65) at the frequency 
of operation F is negligible in comparison with the impedance of the motor (66), all 

15 the AC components (the terms containing a multiple of the angular frequency, in the 
Fourier series expansion) of the pulse-width modulated waveform can be considered 
to circulate through the capacitor. That sum of terms is what makes the ourrent Ic- 
The rest of the current through the inductive element (64) circulates through the 
motor (66). The current through the real capacitor (65) causes a voltage drop, due to 

20 the impedance of the capacitive (C) component of the capacitor (65) and also its 
effective series resistance Rusr. For the analysis to be accurate, this voltage drop has 
to be negligible in comparison with the motor voltage V M# 

Equation (3) in Fig, 6C-1 shows this assumption, as it states that the motor voltage is 
25 approximately equal to J M * Rm + Vemf. 

The equations in Fig. 6C-1 result from applying KirchhofFs laws to Fig. 6B. 

It is also assumed that the inductive element (64) has no series resistor associated 
30 with the inductive element. Hence the equation (15) is true and results in equations 
(16), (17) and (18), of Fig. 6C-1, when the switch (62) is closed, and in equation 
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(19), of Fig. 6C-2, when the switch is open and the current is circulating through the 
diode (63). 

Equation (20) shows, as it can be seen in the chart It of Fig. 6A, that in steady state, 
5 the net change of current through the inductive element per cycle is zero. That is, the 
current grows when the switch is closed and is equal to the current drop when the 
switch is open. 

Equation (21) eliminates the voltage drop over the switch (62) (V$) and the forward 
10 voltage drop over the diode (63) (Vpd)> as they are negligible in comparison with the 
terms they are subtracted from or added to. 

Equation (22), follows from equation (21) and gives the relationship that the duty 
cycle (TWT) of the pulse width modulator has with the motor voltage, as a 
15 consequence of the motor current. 

This system differs from a current driven buck converter in that the voltage over the 
load is not a regulated variable, but it is the result of the effect of the cunent itself in 
the load. In a DC motor, the voltage in the load is related to the back electromotive 
20 force (V emf) induced in the motor windings as a result of the motion of the windings 
in the magnetic fields inside the motor. In fact, given the typical values of resistor 
RM, and the voltage drop caused on it by the motor current, VM can be used as an 
estimate of the speed of the motor. 

25 The differences with the current fed buck converter and the well known down 
converter switched mode power supply are:. 

DF_1. Under normal operation, the voltage in the load is not taken into account 
by the control loop, while in a switched mode power supply, is the 
30 controlled variable. With a DC motor, its voltage depends on the back 
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emf. Hence, the voltage depends on the speed of rotation of the motor 
axis. 

DF_2. In a switched mode power supply, the capacitor in parallel with the load 
5 filters the ripple voltage and may provide the current to the load when the 

energy accumulated in the inductance drops to zero before the end of the 
period of the pulse width modulator (what is normally called discontinuous 
operation), In the embodiment of the invention however, if the current 
through the inductance drops to zero, the inertia of the motor keeps the 
10 motor rotating, and the voltage over the motor is kept by the electromotive 

force induced in the winding as the motor axis rotates. 

The analysis of the system of Fig. 6B continues in Fig. 6C-2 for the AC component 
of the voltage in V M due to the voltage drop over the capacitor (65) while in steady 
15 state. 

The graph in Fig. 6C~2 is a detailed enlargement of the chart labelled 1c of Fig. 6A. 
It has to be examined keeping in mind that the current through capacitor (65) is 
similar to the current through the inductive element (64), where the average current 
20 Iavbrace has been subtracted from. The area shaded in the drawing, labelled AQ, is 
the total amount of charge that is transported during one half of the cycle of the pulse 
width modulator, in or out of the capacitor (65), from the inductive element (64). 

Equation (23) in Fig. 6C-2 is the area of the triangle that has been shaded in the 
25 drawing (half the base multiply by the height). Equation 24 in Fig. 6C-2 shows the 
relationship between the current variations through the inductive element (64) and 
the peak voltage in the capacitive component (C) of the model of capacitor (65). 

To get the voltage over capacitor (65), the voltage drop over the resistive component 
30 Resr of the model of capacitor (65) must be added, as is shown in equation (25) of 
Fig. 6C-2. 
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If the typical figures for the variables in equation (25) are replaced, the result of 
equation (26) of Fig. 6C-2 is reached, validating the original assumption regarding 
V M in equation (3) of Fig. 6C-1. 

5 

Numerous variations in the implementation of the circuit disclosed can be made. 

The inductance, for instance, can be the inductance of the winding of a transformer 
In this case, other windings could produce uncontrolled voltages that can be used to 
10 power electronic circuits. This scheme has been widely used in switched mode 
power supplies. 

Another modification of the system disclosed above is that the sense of the current 
can be changed by changing the polarity of the voltage source. This can be easily 
15 done by replacing the switch in Fig. 6 with a bridge circuit as is commonly done in 
four-quadrant control of DC motors. Also the embodiment of the invention can be 
applied to what is known as universal motors, a motor with conventional brushes mat 
is insensitive to the sense of the current through it, and it is normally driven by an 
AC voltage source. 

20 

In yet another modification, the capacitor (65) in Fig. 6 can be present, not as an 
individual component, but embedded in other circuit blocks, as for instance, the 
electronic commutator of a brushless DC motor if the motor (66) is a brushless DC 
motor, or other control electronics coupled with the motor (66). 

25 

All the strategies of pulse-width modulation used with the known systems can be 
used with the embodiment of the invention to implement the control system (68) and 
the pulse-width modulator (69). Similarly, the switch (62), the diode (63) and the 
current sensor (67) have the same function as with the current state of the art and can 
30 be designed following criteria well known to those skilled in the art. 
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Sorac of the numerous possible variations of the circuit shown in Fig. 6 are shown in 
Figs. 7AtoFig.7L. 

Fig. 7 A shows a system similar to Fig. 6 with a different topology. The power source 
5 (7A01) has a similar function to the voltage source (61) in Fig. 6. Motor (7A02) has 
a similar function to die motor (66) in Fig. 6. Capacitor (7A03) has a similar 
function to the capacitor (65) in Fig. 6. Diode (7A04) has a similar flmcdon to the 
diode (63) in Fig. 6. The inductive element (7 AOS) has a similar function to the 
inductance (64) in Fig. 6. Control system (7 A07) has a similar function to the control 
10 system (68) in Fig. 6. Pulse width modulator (7A06) has a similar function to the 
modulator (69) in Fig. 6. Current sensor (7A09) has a similar function to the current 
sensor (67) of Fig. 6. The switch (7A08) has a similar function to the switch (62) of 
Fig. 6, however, switch (7A08) is connected to ground rather than the positive 
terminal of the power source (7 AO I), This circuit makes the implementation of the 
15 electronics switch (7A08) and its drivers easier (or simpler) than the electronic switch 
(62) in Fig. 6. However, the motor (7A02) is removed from the common terminal of 
the circuit 

Although electrically it appears to be similar to swap the position of the inductive 
20 element (7A05) and the parallel combination of the motor (7A02) and the capacitor 
(7A03), in practice, it is better to connect as shown in Fig. 7 A. The reason for this is 
that in the way shown, the isolation of control elements connected to circuits in the 
motor are subject to less AC voltage stress with respect to grounded circuit blocks, 

25 A detailed implementation of this topology is shown in Figs. 9A to 9L> 

Fig. 7B shows that there are many points to measure the current for the control 
system of the circuit disclosed in Fig, 6. Fig. 7B follows the same architecture than 
Fig, 6. In this figure, the blocks (68) and (69) of Fig. 6 have been joined together in a 
30 single control system (7B09). 
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(7B0I) is similar to (61). (7B10) is similar to (62). (7B06) is similar to (64). (7B1 1 ) 
is similar to (65). (7B12) is similar to (66). (7B7) is similar to (63). 

All the components 7B02, 7B03, 7B04, 7B05 and 7B06 are current sensors. 

5 However, as will be apparent to those skilled in the art, not all the positions render 
the same waveform. Furthermore, if the sensor is not sensing current in a branch of 
the circuit connected to ground (e.g., in (7B02) and (7B06), differential amplification 
techniques like the circuit shown on (7B14) must be used. The current in (7B03), 
(7B0S) and (7B04) can be sensed with a simple small value resistor without 

10 differential techniques. A cunent transformer like the one illustrated in (7B13) can 
be used in all the locations. Also, the cunent in (7B02) flows when the current in 
(7B03) is not flowing. Current in (7B06) is similar to (7B04). With the values 
normally chosen for the capacitor (7B11), at the frequency of operation normally 
chosen to control the switch (7B10), all the high frequency components of the current 

15 flow through (7B1 1) and the low frequency component flow through the sensor in 
(7B05). 

Hence a sensor in (7B05) cannot be used to control the current on a cycle-by-cycle 
basis, but only as the average over a certain number of cycles of the pulse width 
20 modulator embedded in (7B09). Reference 10, chapters 13 and 14, pages 3.172 to 
3. 192 provide useful information for implementation of current sensors. 

Fig. 7C shows a system similar in topology to Fig. 6. In this system, the pulse-width 
modulator (69) and the control system (68) of Fig. 6 are included in the control 
25 system 7C08. If it is compared with Fig. 6 above; (7C01) is similar to (61); (7C02) 
is similar to (62); (7C04) is similar to (64); (7C06) is similar to (65); (7C05) is 
similar to (66), and current sensor (7C07) is similar to (67). 

The difference with Fig. 6 is a switch (7C03) in the position of the diode the other 
30 figures (63, 7A04 and 7B07). Control system (7C08) has an extra output to control 
the additional switch (7C03). Those skilled in the art of designing switched mode 
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power supplies will recognise the technique known as "synchronous rectification' 9 . 
This technique consists of replacing the diodes by switches that dissipate less power 
than the diodes. The switches have to be closed or opened at the precise moment that 
the diode that they replace conducts (switch close) or is blocking (switch opens). 

5 This technique is currently popular when the current is high, to increase the 
efficiently of switched mode power supplies, especially at low output voltages. In 
practice, as the power MOSFET transistors normally used to implement the switches 
also include a diode in parallel that can conduct when the switch performing the 
synchronous rectification is not yet closed, the synchronisation does not need to be 

10 perfect. The control signals to the switches are the logical complement of each other. 
The controller (7C08) must not close both switches (7C02) and (7C03) at the same 
time or the power source (7C01) is shorted to ground. Each time the switches must 
change their state, a period of time in which both switches are commanded to be open 
must be introduced. This time is what is normally known as "dead time". 

15 

In the case of the switch replacing the diode (7C03) f the diode in parallel with the 
switch starts conducting before the switch is made to close. This causes a negligible 
loss in efficiency. Switch (7C03) can have an actual diode in parallel in addition to 
the diode embedded in the MOSFET transistor, to facilitate the implementation, 

20 

Reference 12, page 60 gives details of synchronous rectification. Also, reference 24, 
section 2.2.3, pages 2-76 "An introduction to synchronous rectifier circuits using 
PowerMOS transistors" and reference 2, provide an implementation of synchronous 
rectification. 

25 

Fig. 7D shows a generalisation of the circuit shown so far. The pulse width 
modulator (69) in Fig. 6 and (7A07) in Fig, 7 and the electronic switch (62) or 
(7A08), for instance, are simply providing alternatively a voltage close Vqc or an 
open circuit (close to 0 voltage, as measured from the cathode of the diode (63) in 
30 Fig. 6). 
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Refercncing Fig. 6, or Fig. 6B, any technique that provides a controllable pulse width 
modulated waveform in the point (A), extracting, power from the DC power source 
(61) to be delivered to the components connected to point A, can be used with results 
similar to what the system in Fig. 6 can achieve with the switch (62). 

5 

A magnetic device, like a transformer, coupled with a plurality of switches and 
diodes can be used to that end. In view of the foregoing, it is possible to generalise 
and define a Power Pulse Width Modulator (PPWM) block (7D02) comprising a 
plurality of switches in block (7D03) coupled with a magnetic device, also coupled to 
10 a plurality of diodes, the latter combination in block (7D04). 

Blocks like (7D02) are currently found in switched mode power supplies. The 
switches in block (7D03) inside PWM (7D02) are controlled from the control system 
7D09. 

15 

The control system (7D09) includes the control system (68) and the pulse width 
modulator (69). It differs from similar blocks found in Figs. 6 and 7A, in that if there 
is more than one switch, the system has to have more than one control line to 
command it to open or close. 

20 

Not shown in Fig. 7D, for sake of clarity, is the fact that in some combinations with 
more than one switch, it may be necessary to measure the current in more than one 
point. In those cases, control systems like (7D09) also differ from the combination 
(68) and (69) of Fig. 6, in that they receive current information from more than one 
25 sensor. 

All other parts of the system shown in Fig. 7D are equivalent in function to part of 
the system shown in Fig. 6. Specifically, with reference to Fig. 6: (7D01) is similar 
in functionality to the power source (61); (7D06) is similar in functionality to the 
30 inductive element (64); (7D08) is similar in functionality to capacitor (65); (7D07) is 
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similar in ftinctionality to motor (66), (7D10) is similar in functionality to current 
sensor (67); and (7D05) is similar in functionality to diode (63). 

The concept behind Fig* 7D will bo more clearly understood in light of the following 
5 figures showing topologies currently used with switched mode power supplies 
applied to the circuit disclosed in Fig. 6. hi each case, there is a different 
implementation of the PPWM block (7D02). 

The reasons for adding a transformer to the circuit disclosed in Fig. 6 are: 
10 • Possibility of isolation between the power source (7D01) and the motor 

(7D07) or the control system (7D09). 
• The voltage of the power source (7D01) is not limited to values larger 
than the operating voltage of the motor (7D07). 

15 The reason for not simply using an off-the-shelf switched mode power supply and 
drive the motor in current control mode using the circuit shown in Fig* 5 is that by 
implementing the circuit in the manner disclosed, a simpler, less expensive system 
results, especially if the system has to provide quick accelerations of the motor and 
power factor correction. 

20 

The current levels in the secondary side of the transformers (the motor side) are 
observed in the primary side (the switch or switches side) affected by the turns ratio 
of the transformer. This must be taken into account while designing the switches, 
and when placing current sensors in the primary side of the transformers. 

25 

After the generalisation made in Fig. 7D, four examples follow: 

Example 1 - Fig. 7E. Topology derived from the forward converter 

30 The system in Fig. 7E uses a transformer (7E03) to couple a rectangular waveform to 
the node labelled (A) in the drawing. There is a pulse width modulator embedded in 
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the control system (7E11) that controls the switch (7B09) and can command it to 
open or close. When the switch (7E09) opens and closes, a rectangular waveform is 
applied to the primary side of the transformer (7E03). This rectangular waveform is 
coupled by a transformer (7E03) to its secondary side and is coupled to the node 

5 labelled (A) in the drawing, through the diode (7E04). The node labelled (A) in the 
drawing is coupled to a system similar to the one found in Fig. 6. If Fig. 7B is 
compared with a combination of Fig. (6) and Fig. (7 A), the following applies: power 
source (7B01) is similar in functionality to the power source (61); winding or 
inductive element (7E0S) is similar in functionality to the inductive element (64); 

1 0 capacitor (7E07) is similar in functionality to capacitor (65). Motor (7E08) is similar 
in functionality to motor (66), (7E10) is similar in functionality to current sensor 
(7A09); (7E09) is similar in functionality to the switch (7A08); and (7E06) is similar 
in functionality to diode (63). The pulse width modulator (7A06) and the control 
system (7A07) are embedded in the control system (7E1 1). 

15 

The function of diode (7E04) is to prevent the winding of transformer (7E03) short 
circuiting the DC voltage in the point labelled (A) in the drawing to ground. Diode 
(7E02) discharge the energy accumulated in the inductance of the transformer 
(7E03), while the switch (7E09) is open. With this type of connection, the duty oycle 
20 of the pulse width modulator inside (7E1 1) has to be less than 0.5 ( 50%). 

The same pulse width modulator detailed in Fig. (6B) can be used in (7E11), using 
the small resistor (67) of Fig. 6B to implement the sensor (7E10). However, it must 
be kept in mind that the current sensed in the position of sensor (7E10) is the current 
25 though the inductive element (7E05), affected by the number turn relationship of 
transformer (7E03). 

Clearly, the combination of (7E02), (7B03), (7E04) and (7E09) implements the block 
(7D02) of Fig. 7D. 

30 
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Those skilled in the art of switched mode power supplies, rather than motor control, 
will recognise that the system of Fig. 7E has part of the topology of a current mode 
"forward converter". 

5 Details of how to design each of the components coupled with the transformer 
(7E03) and the transformer itself can be found in the following references: 

• Reference 3, page 217. 

• Reference 7, page 104 and 170. 

• Reference 9, page 37. 

10 • Reference 10, pages 2.63 to 2.69. 

• Reference 1 1 , pages 76 to 83. 

• Reference 12, page 32, and 40. 

• Reference 24, page 2-13, 2-84 and 2-101. 

1 5 Example 2 - Fig. 7F. Topology derived from the push-pull converter 

Fig. 7F uses a transformer (7F04), two switches (7F02) and (7F12), and two diodes 
(7F05) and (7F06) to implement the block (7D02) in Fig. (7D). The two switches 
alternate in opening and closing. The combination of elements named above, 

20 generates a pulse width modulated waveform in the node labelled (A) in the drawing. 
The node labelled (A) in the drawing is coupled to a system similar to the one found 
in Fig. 6. If Fig. 7F is compared with a combination of Fig. 6 and Fig. 7A, the 
following applies: (7F01) is similar in functionality to the power source (61); (7F08) 
is similar in functionality to the inductive element (64); (7F09) is similar in 

25 functionality to capacitor (65). (7F10) is similar in functionality to motor (66), 
(7F13) and (7F03) are similar in functionality to current sensor (7A09); (7F02) and 
(7F12) are similar in functionality to the switch (7 AOS); and (7F07) is similar in 
functionality to diode (63). The pulse width modulator (7A06) and the control 
system (7A07) are embedded in the control system (7F1 1). 

30 
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The function of diodes (7F05) and (7F06) is to prevent the winding of transformer 
(7F04) from short circuiting the DC voltage in the point labelled (A) in the drawing 
to ground. 

5 The control system (7F1 1) has the functionality of the control system (7A07) and the 
pulse width modulator (7A06). One difference is that control system (7F11) has to 
take information from two current sensors (7F03) and (7F13). However, since when 
one switch is open the other is closed, the current information from both sensors can 
simply be added together, and can be filtered with a low pass filter, to get a 

10 waveform similar to the waveform of sensor (67) in Fig. 6. It must be kept in mind 
that the current sensed by Ihe sensors is the ourrent through the inductive clement 
(7F08), affected by the number of rums relationship of the transformer (7F04). The 
other difference is that consistently with the use of two switches, and as it was 
mentioned while commenting on Fig. 7D, ihe control system (7F11) has two outputs 

15 to control one switch each. 

The system formed by transformer (7F04), diodes (7F05) and (7F06) and the 
switches (7F02) and (7F12) can be analysed and designed with techniques similar to 
the techniques used in a "push-pull" switched mode power supply. 

20 

Details of how to design each of the components coupled with the transformer 
(7F04), and the transformer itself can be found in the following references: 

• Reference 3, page 220. 

• Reference 7, page 1 1 6 and 1 53 . 
25 • Reference 9, page 37. 

• Reference 10, pages 2.147 to 2.151 and 2.153 to 2.159. 

• Reference 1 1 , pages 34 to 38. 
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Example 3 - Fig. 7G. Topology derived from half and fall bridge converter 

In Fig. 7G, a block equivalent to the block (7D02) of Fig. (7D) is implemented with 
capacitors (7002) and (7G14), switches (7G03) and (7G04), diodes (7G06) and 
5. (7G07) and transformer (7G05). 

The two switches alternate in opening and closing. The combination of elements 
named above, generates a pulse width modulated waveform in the node labelled (A) 
in the drawing. 

10 

The node labelled (A) in the drawing is coupled to a system similar to the one found 
in Fig. 6. If Fig. 7G is compared with a combination of Fig. 6 and Fig. 7A, the 
following applies: (7G01) is similar in functionality to the power source (61); 
(7G09) is similar in functionality to the inductive element (64); (7G11) is similar in 
15 functionality to capacitor (65). (7G10) is similar in functionality to motor (66), 
(7G12) is similar in functionality to current sensor (67); (7G03) is similar in 
functionality to the switch (62) and (7G04) is similar in functionality to the switch 
(7A08); and (7G08) is similar in functionality to diode (63). 

20 The pulse width modulator (69) and the control system (68) are embedded in the 
control system (7G13). 

The function of diodes (7G06) and (7G07) is to prevent the winding of transformer 
(7G05) to short circuit the DC voltage in the point labelled (A) in the drawing to 
25 ground. 

The control system (7G13) has the functionality of the control system (68) and the 
pulse width modulator (69). The current sensor 7G12 can be implemented with the 
small resistor of Fig. 6B. The control system must control two switches, so as 
30 mentioned while commenting on Fig. 7D, there are two control outputs. 
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Those skilled in the art of switched mode power supplies, rather than motor control, 
will recognise the transformer arrangement of the "half-bridge" switched mode 
power supply. Furthermore, by looking at Fig. 7G> it will be obvious to those skilled 
in the art of switched mode power supplies, rather than motor control, that replacing 

5 the capacitors (7G03) and (7G14) with diodes with the cathode connected towards 
the positive terminal of the power source (7G01) provides a "diagonal half bridge" 
(sometimes called a "two transistor forward converter"). Further, by replacing the 
capacitors (7G03) and (7G14) with electronic switches controlled by adding two 
extra switch control lines to the controller in Fig, 7G13, the ,€ bridge" - also known as 

10 a "frill bridge" configuration is obtained. 

Details of how to design each of the components coupled with the transformer 
(7G05), and the transformer itself can be found in the following references: 

• Reference 3, page 223. 

15 • Reference 7, pages 1 1 1 , 1 13 and 1 52. 

• Reference 9, page 93. 

• Reference 10, pages 2.80 to 2.115. 

• Reference 1 2, pages 33. 

20 Example 4 - Fig. 7K Topology derived from the flyback converter 

This embodiment is based on the switched mode power supply topology known as a 
flyback converter (also known as "ringing choke power supply"). In this case, the 
system is different from Fig. 7D, since a single component, the transformer (7H03) 

25 provides the functionality of both, the inductive element (64) and the catch or 
freewheeling diode (63) in Fig. 6. The inductive element (64) is provided by the 
transformer inductance, and the diode (63) is not needed because of the properties of 
the magnetic system formed by the transformer (7H03) if its windings are connected 
with opposing polarities. Transformers working in the mode (7H03) is working, has 

30 also been described in the literatures as two coupled inductoTs. 
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Diode (7H04) is used simply to prevent the secondary winding of the transformer to 
short circuit the positive motor voltage to ground. 

Snubbers circuits in blocks (7H02) and (7H07) are needed due to the fact that a 
5 practical transformer (7H03) has parasitic components, like for instance leakage 
inductance. 

If Fig. 7H i$ compared with a combination of Fig. 6 and Fig. 7A, the following 
applies: (7H01) is similar in functionality to the power source (61); the functionality 

10 of the inductive element (64) is provided by transformer (7H03); (7H05) is similar in 
functionality to capacitor (65). (7H06) is similar in functionality to motor (66), 
(7H09) is similar in functionality to current sensor (7A09); (7H08) is similar in 
functionality to the switch (7A08); the functionality of diode (63) is provided by 
transformer (7H03). The pulse width modulator (7A06) and the control system 

15 (7A07) are embedded in the control system (7H10). 

The control system (7H10) can be implemented with the pulse width modulation 
method shown in Fig. 6B. This is a frequently used method for controlling current 
through a flyback transformer. An integrated circuit often used' to implement this 
20 functionality in switched mode power supplies is the UC2845 (see reference 23). 

Details of how a flyback transformer operates, how to design each of the components 
coupled with the transformer (7H03), and the transformer itself can be found in the 
following references: 
25 • Reference 3, page 214. 

• Reference 7, pages 151, 166 and 190. 

• Reference 9, page 105. 

• Reference 10, pages 2.3 to 2.62. 

• Reference 1 1, pages 29 to 34 and 83 to 90. 

30 • Reference 1 2, pages 32, 36 lo 34 and 83 to 90. 
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Example 5 - Fig. 7 J New Topology derived from an uninsulated input referenced 
flyback converter or from an input referenced boost converter 

This embodiment is loosely based on the switched mode power supply topology 
5 known as a flyback converter (also known as "ringing choke power supply"). 
However, it is different in the sense that it does not use a transformer and the output 
is referred to the input and not to ground. 

The circuit works as follows: When the switch (7J06) closes* cuirent flows from the 
10 DC voltage source (7J01) to the inductive element (7J05), Diode (7J04) is reverse- 
biased. When the switch (7J06) opens, the current circulating through the inductive 
element flows through the diode (7J04), to the parallel combination of the capacitor 
(7J02) and the motor (7J03). 

15 If Fig. 7J is compared with Fig. 7A, the following applies: (7J01) is similar in 
functionality to the power source (7A01); the functionality of the inductive element 
(7 AOS) is provided by (7J05); (7J02) is similar in functionality to capacitor (7A03); 
(7J03) is similar in ftmctionality to motor (7A02); (7J07) is similar in functionality to 
current sensor (7A09); (7J06) is similar in functionality to the switch (7A08); the 

20 functionality of diode (7A04) is provided by (7J04). The pulse width modulator 
(7A06) and the control system (7A07) are embedded in the control system (7J08). 

The control system (7J08) can be implemented with the pulse width modulation 
method shown in Fig. 6B. 

25 

There is currently no switch mode power supply topology using a configuration from 
which the circuit can be derived. An analysis of the circuit operation is provided in 
Fig. 15, for the case of continuous current flow though the inductance (7J05). 



30 



Once the analysis is done, it can be learned from it, that the dynamics of the system 
can be described with equations similar to the buck-boost converter (also known as 
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the positive to negative converter) however care should be taken to keep in mind the 
polarity of the output and the fact that it is not referenced to ground. The analysis of 
the dynamic behaviour of the buck-boost converter (also known as the positive to 
negative converter) can be found in references 3, 9 and 10. 

5 

The meaning of the notation used in Fig. 15, can be seen directly from the circuit 
diagrams in Fig. 15. The analysis is made for the case of continuous current 
circulation through the inductive element. The result in equation (1506) shows that 
the voltage over the motor Vm , can be lower or higher than the value voltage source 
10 (7J01). The relationship between the both voltages depends on the relationship 
between Ton and Toff. 

The Equations (1501) and (1502) are similar to the equations (3) and (4) in Fig. 6(M. 
Equation (1503) shows that it is assumed that the voltage drop in the inductive 
15 element (7J05) is must larger in value than the voltage drop in the switch (7J06) and 
the current sensor (7J07). Similarly equation (1504) shows that it is assumed that the 
voltage drop in the diode (7J04) is much smaller than the value of the voltage over 
the motor. 

20 It will be obvious to the skilled in the art how to do the same analysis for the 
discontinuous case, wherein the current though the inductive element drops to zero 
before Toff finish. This type of analysis is common to switch mode power supply 
technology. In any case, the results from the analysis of the buck-boost converter 
(negative to positive converter) can be used with the precautions explained above. 

25 

Example 6 - Fig. 7L Topology derived from the buck-boost converter 

This embodiment is based on the switched mode power supply topology known as a 
buck-boost converter (also known as a positive to negative converter). The circuit 
30 works as follows: When the switch (7L06) closes, current flows from the DC voltage 
source (7L01) to the inductive element (7L05). Diode (7L04) is reverse^biased. 



1 
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When the switch (7L06) opens, the current circulating through the inductive clement 
will flow through the diode (7L04) to the parallel combination of the capacitor 
(7L02) and the motor (7L03). 

5 If Fig. 7L is compared with a combination of Fig. 6 and Fig. 7 A, the following 
applies; (7L01) is similar in functionality to the power source (61); the functionality 
of the inductive element (64) is provided by (7L05); (7L02) is similar in functionality 
to capacitor (65). (7L03) is similar in functionality to motor (66), (7L07) is similar in 
functionality to current sensor (7A09); (7L06) is similar in functionality to the switch 

10 (62); the functionality of diode (63) is provided by (7L04). The pulse width 
modulator (69) and the control system (68) are embedded in the control system 
(7L08). 

The control system (7L08) can be implemented with the pulse width modulation 
1 5 method shown in Fig. 6B . 

For this embodiment there is a well-known switch-mode power supply topology from 
which the steady state operation can be derived ( See ref. 9, page 1 50. ref. 1 0 page 3 1 
andref. 3 page 81 ). 

20 

For the case of continuous current through the inductance, the results are similar to 
the circuit 7J. Hence the voltage over the motor can be larger or smaller than the 
voltage of the DC power source. 

25 As with all the other examples, the voltage over the motor for the given current set by 
the control system (7L08), will depend on the characteristics of the motor, its load, 
and the speed of rotation. 

The advantage of this circuit with respect to the circuit in Fig. 7 J, is that, the motor is 
30 referred to ground, however the voltage is of negative polarity with respect to the 
voltage of the DC power source. 
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Fig' 71 illustrates a different embodiment of the circuit disclosed in Fig. 6. The main 
difference is that the current through the motor (717) as measured with the cMwent 
sensor (7112) is controlled independently of the current through the inductance Lm 

5 (715), which is measured with the current sensor (7111). The current through the 
inductance (715) is controlled by applying a pulse width modulated waveform to the 
control terminal of the switch (713) in a way similar to Fig. 6. The currint through 
the motor is controlled by applying pulse width modulation techniques to the 
switches in the electronic commutator (716) in Fig. 71. In this case, the motor current 

10 is controlled using the inductance of the motor windings, exactly as the current state 
of the art does. This is shown in Fig. 5. Fig. 71 shows two different control systems, 
for sake of clarity, however, in practice, a single microprocessor can control both 
current loops. In this case, the set current signal shown from the main controller 
(7110) to the controller (718) is a value passed between different segments of a 

1 5 running program. 

The system of Fig. 71 can revert to the system of Fig, 7A, if the electronic 
commutator (7I<S) of the motor (717) is not pulse-width modulated. In this case the 
current through the motor 717 is the low frequency component of the current 
20 switched through the inductance L M (715) by the switch (713) and the diode (714). 

If the current through the motor (717) is made different than the current provided 
through the coil (715), charge accumulates in capacitor Cm (719) raising the voltage 
Of the capacitor. 

25 

Hence the current through the motor can still be controlled independently of the 
current through the coil Lm, in all the other embodiments, without sensing the actual 
motor current, simply by measuring the voltage in the capacitor with relation to what 
the voltage should be if it were the product of the back electromotive force induced 
30 voltage in the motor windings. 
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AUowing control of the current through the inductance (715) independently of the 
current provided to the system comprising the motor (717) its electronic commutator 
(716) and the capacitor (719) yields a very versatile apparatus. There are at least two 
applications for such a system: 

5 

Application Jl _/. - Power factor correction 

The capacitor in the rectifier filter (712) is chosen small enough for the voltage at the 
output of the rectifier (711) to track the full-wave, rectified AC main voltage. The 
10 current in the inductance Lm (715) is made a full wave rectified waveform: 

T(t) = lbeak* |sin(4>)| 
where the current waveform is made synchronous with the full wave rectified AC 
line. 

15 The controller (7110) has to make the mean value of the current waveform (foeak* 
Hit) equal to the average current that is taken by the motor (7113) and control 
electronics, from the capacitor Cm (719). 

The cutrent state of the art uses an analog multiplier to multiply the attenuated full 
20 wave AC rectified waveform by the set current for the control loop, (see references 
20 and 21). 

A proposed method is to sense the time of zero crossing of the AC signal and 
calculate the phase (<|0 of the sinusoidal signal by relating the time at which a new 
25 current value must be set with the period of the line. The period of the line can be 
measured continually calculating the time it takes for the number of zero crossing 
events to occur and dividing the measured time by that number (e.g., 16 is a good 
choice for that number). 

30 I (t)= I_average_needed * it/2 * | sin (ticks Jrom_0_crossing / ticks_in_period ) ) 
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Where: 

Ijxveragejieeded is the average current required through the DC motor. 
ticks Jromjtjorossing is the amount of time from the zero crossing of the AC 
main measured in an arbitrary unit ( events of a periodic phenomena or <( ticks" ); 
5 ticksjnjperiod is the period of the AC main measured in an arbitrary unit ( events 
of a periodic phenomena or 4< ticks" ); 

In this way there is no need for connecting an analog to digital converter input of the 
controlling microprocessor to the AC main. 

10 

Table 1 contains a pseudo-code, following the syntax of the C language, showing the 
algorithm. 



TABLE 1 



15 



20 



25 



// Power Factor Correction Algorithm without A/D converter 

Ihitiali»tion0 
{ 

P .Ticks = 0 ; 
Ticks » 0 ; 
Period « 0 ; 
01d_Line = 0 ; 
N_cycles » 0 ; 
Set timer interruptO ; 
) 

//End of initialization 



// clear ticks accumulator 
// clear ticks accumulator 
// set initial value of period as not calculated yet 
// set initial value for algorithm 
// clear 16 cycle counter 

// initialise the hardware for a periodic timer interrupt 



TimerJnterruptQ 
{ 

30 // here each timer interrupt ; 



PJTieks « PJTieks + 1 ; // count for calculating the period 
Ticks = Tick + 1 ; // count for calculating the phase 

35 NewJLine « Readjinc_statc ( ) ; // read state of the AC line - high or low 

If ( New Jine o Oldjine ) { 

// here if there was a change in state of the AC main 
Oldjine « New Jine ; // saye stale for detecting next transition 
40 If (NewJine = High){ 

// here if a new AC line cycle 
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Ticks - 0 ; // clear the phase accumulator 
N cycles - Njoycles + 1 ; // count the line cycles 
lf(N_cyclcs>15){ 
// here after 16 line cycles 
5 //a new period average can be calculated 

Njsycles - 0 ; // dear cycle counter 

Period = PJficks / 1 6 ; // calculate the period average of last 16 cycles 
P Ticks - 0 ; // clear accumulator of next calculation 

} 

10 } 

If (Period>0 ) { II here to modulate the current 

I_out - 1 * n / 2 * | sin ( Ticks / Period ) | ; 

) 

else 

15 { // here the first 1 6 cycles, no PFC 

I out = l; 

) 

// Note: " r is calculated elsewhere in a control algorithm suitable for the application 
20 ) //end of the timer interrupt 



Application JI J. Btlevel CPAP device 



In a bilevel device, the motor needs to take considerable current while accelerating to 
25 raise the air pressure delivered to the patient. After a few seconds, the motor is 
braked for decelerating to drop the air pressure. While the current through the motor 
varies considerably, the average current through the inductance needs only to be 
equal to the average current drawn by the motor and the control system (normally the 
current drawn by the control system is negligible in comparison with the current 
30 drawn by the motor). 



This application can also make use of the power factor correction method explained 
above. 



3 5 Application JKJ*ower Factor Corrected Brushless DC Motor Controller 



The system in Fig. 7K makes use of the topology of Fig. 7J and the technology 
disclosed in Fig. 7T. The DC voltage source (7J01) in Fig. 7J is equivalent to the 
output of the full wave rectifier (7K01) in Fig. 7K. The capacitance of capacitor Ci 
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(7K02) is of small value so the voltage in the node X tracks the full wave rectified 
AC mains waveform. 

The functionality of the switch (7K07) is similar to (7J06) and also to the switch 
5 (713) in Fig. 71, however the switch (7K07), like the switch (7J06) is a low-side drive 
switch, similar to the switch (7A08). The current sensor (7K08) has a similar 
functionality to the sensors (7111), (7J07) and (7A09). 

The inductive element (7K06) has similar functionality to (7J05). The capacitor 
10 (7K05) has a similar functionality to the capacitor (719) and (7J02). 

The feedback circuit block (7K09) can be implemented by using a pulse with 
modulated output from a microcontroller and linking it through an opto-coupler with 
the set point input of the power factor correction control (7K03). A practical 
15 example of this type of link can be found in Fig. 9H. 

The function of the controller (7K03) is similar to the function of the controller 
(7110) combined with (718), as described for Fig. 71. 

20 The controller (7K03) shapes the current through the inductive element (7K06) so the 
system has a power factor close to unity. 

Any of the current state of the art techniques or algorithms for power factor 
correction can be used in the controller (7K03) ( see ref. 10 page 222 or ref. 25 
25 chapter 1): 

• Fix-on time , Discontinuous Current Control (DCC), with or without fixed output 
voltage ( for the boost topology is called a "boost follower") 

• Critical Conduction Mode (CRM) also known as Transitional Mode Controllers 
30 (ref.25, page 8) 

• Continuous Conduction Mode (CCM) Control ( see ref. 20, 21 and 25 ) 
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In continuous current control, the control loop can use as feedback several 
alternatives, for instance, average current control or peak current control. 

5 From a practical implementation point of view, most if not all the current integrated 
circuits controllers designed for boost converter based power factor correction 
circuits can be used with little modification for the block (7K03). 

If the power factor correction controller is based on a microcomputer with analog to 
10 digital converter the technique disclosed in the description of the controllers of 
Figs, 71 and 9 can be used. Alternatively, if the factor correction controller is based 
on a microcomputer without analog to digital converter the algorithm disclosed in 
TABLE 1 can be used. 

IS If a classical controller with fix oscillation frequency, set by external components is 
used along with a microcomputer. The technique shown in Figs. 9H, 91 and 17F, in 
combination with the algorithm of TABLE 3, can be used to change randomly the 
frequency of oscillation of the controller, improving on the EMI characteristics of the 
system. 

20 

The block (7K10) is a brushless DC motor controller. (7K12) is the brushless DC 
motor, A current sensor (7K1 1 ) for the current through the motor (7K12) is shown in 
Fig, 7K, However, a similar system would work if no direct measurement is made of 
the current though the motor (7K12). In this case, the current would be assumed by 

25 design and adjusted by the main controller (7K14) in response to another measured 
physical quantity obtained through the sensors (7K15). If there is no need for fast 
reaction from the brushless DC motor (7K12), the system can be further simplified 
by removing the pulse width modulation from the controller (7K10). That is a slow 
reacting system still works if no pulse width modulation is applied to the windings 

30 LI to L3 of the motor (7K12), In this last case, the current through the motor is 
controlled by controlling the average current through the inductance (7K06). The 
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current through (7K06) tracks the full wave rectified pulsating voltage at the node X. 
The inertia of the motor plus its load filters the current pulses. This last case is ideal 
for cooling or ventilation fans, while the full control scenario (usage of sensor (7K1 1) 
and pulse width modulation of the winding in (7K12» is ideal for bi-level flow 
5 generators for the medical industry. 

Capacitor (7K13) is included to show that since the controllers (7K14) and (7K10) 
and the motor (7K12) itself are not connected directly to ground, a plurality of de- 
coupling capacitors with good high frequency response, connected to a ground plane, 
10 may be necessary to improve the ability of the set-up to pass the electromagnetic 
compatibility regulations. 

Figs. 8A to 8C show the relationship between the circuit and the technology used in 
switched mode power supplies (SMPS), as applied to flow generators. To facilitate 
IS the comparison, in the three drawings of Fig. 8, blocks with the same number have a 
similar function. 

Fig. 8A shows a flow generator with a switched mode power supply (SMPS) 
controlled in voltage mode. The controller 8A1, in the SMPS, uses feedback from 
20 the output voltage of the SMPS (Vout) to control a pulse width modulator (PWM). 
The PWM (85) operates a plurality of switches (82) that interact with a magnetic 
system (83). The controller (88) controls the current through the BLDCM (86) by 
applying pulse width modulation (8A2) to the electronic commutator (89), in 
response to feedback obtained from a physical variable (87). 

25 

In Fig. 8B, there is a similar system with the exception of the SMPS. The only 
change is in the SMPS itself. In fact, the systems in Figs. 8A and 8B could 
interchange the SMPS's provided that both SMPS's meet the same minimum 
requirements. 

30 
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In the current mode SMPS, the feedback from the output voltage is used by a 
controller (8B1), but the output of the controller yields the set current (or desired 
current) of a current mode controller (8B5). This current mode controller, may use 
some common circuitry with some embodiments of the circuit, for instance Figs. 7E, 
S 7F and 7H. Current mode control is a superior choice and its advantages for SMPS 
are well known. 

The circuit applied to a CPAP flow generator is shown in Fig. 8C. There are several 
blocks in common, but unless a more flexible system like the one already disclosed 
10 in Fig. 71 is implemented, the following differences can be seen: 

D8_l The voltage over the motor (VM) does not need to be a controlled 
variable. The voltage is the consequence of the speed of rotation. 

D8_2 The PWM in the electronics commutator (8B2 and 8A2) is not 
15 required. 

D8JJ The control system of the power supply itself is fully integrated 
into the main controller (88). 

Once the flow generator is In operation, a voltage can be measured across the motor. 
20 Since the control electronics need only a small fraction (say, as a example, around 
5%) of the power needed to operate the motor, the voltage measured across the 
motor, as the result of its control operation, can be used to extract the power 
necessary for control electronics. This is the concept disclosed in Fig. 4 and detailed 
father in Fig. 10, 

25 

To power the control electronics (44 in Fig. 4 and 10A07 in Fig. 10A) while there is 
no voltage produced over the motor an "auxiliary power supply" (42 in Fig. 4 and 
10A09 in Fig. I OA) is used. The idea is to use the "auxiliary power supply" to only 
provide power during the initial phase of equipment operation after power is applied. 

30 
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Once a suitable voltage on the motor is established, an electronic switch (43 in Fig. 4 
and 10A08 in Pig. 10A) is used to unload the "auxiliary power supply". 
Alternatively, the "auxiliary power supply" can be shut down by the control 
electronics itself (1OA07) or automatically (see circuit of Fig. 10B). If the power 
5 drawn by the "auxiliary power supply" is small, and it is acceptable for it to remain 
operating, a simple current summing junction can replace the electronic switch 
(10A08). The advantage of this scheme is that the "auxiliary power supply" can be 
made simply and inexpensively, since the auxiliary power supply operates or draws 
significant power only for a short period of time. As the auxiliary power supply 
10 draws power during a short period of time, the heat generated inside the case is small. 

There is another form of operation for the system comprised by the electronic switch 
and the auxiliary power supply. This system is shown in Fig. 10D. 

IS In Fig. 10D, the auxiliary power supply has a capacitor (10D03) that is charged with 
current from the AC main through a resistor (10D01) and a rectifier (10D02). The 
switch (10D05) is normally open. A voltage comparator with hysteresis, (10D10) 
senses the voltage in the capacitor. The comparator (10D10) closes the switch 
(10D05) when the voltage in the capacitor is larger than a certain value. When the 

20 switch is closed, the electronics (10D12) is powered. Once the electronics are 
powered, the voltage in the capacitor (10D03) decreases due to the power 
consumption of the electronics. The electronics (10D12) have to activate the motor 
driver to extract power from the AC main and generate enough voltage over the 
motor, so a voltage adapter (10D13) can provide power to the electronics (10D12) 

25 via the diode 10D04. The voltage adapter (10D13) is typically a simple linear 
voltage regulator but can be as complex as a DC/DC converter, depending on the 
fluctuations and the value of the available voltage, 

The current state of the art would also use a capacitor like (10D03), charged with a 
30 similar system, however, rather than a switch like (10D05), the electronics would be 
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made to operate in a very low power mode. The advantages of this aspect of the 
circuit are: 

SW_A1. There is no need for low power electronics in the circuit following the 

5 switch. 

SW_A2. The switch (10D0S) and the comparison system (10D06) can be 
implemented in a simple way, with commonly available discrete 
components at a lower cost and drawing a lot less power than a system 
using low power electronics. Low power electronics need to draw power 

10 to bias internal circuitry. The differences can be micro-amps, for the low 

power electronics (due to the needs of current biasing circuits), in 
comparison with nano«amps for the switch (the leakage current of a 
semiconductor). It has to be noted, that in the current state of the art of 
low power micro-controllers, the lower power is drawn, only after normal 

15 power is drawn, to initialise the low power mode. Such devices only 

work with the switch option. The resistor (10D01) charging the capacitor 
(10D03) is typically never disconnected. The less power the system can 
draw from the capacitor, before operation, the larger the resistor value 
and the lower the power that is continually dissipated in (10D05). With 

20 the possible practical implementations of (10D05) and (10D06), the main 

problem is the leakage current of the capacitor (10D03) itself 

SW_A3. The currently available low power electronic devices also work from 
lower voltages than the higher power consumption options. A practical 
25 switch can be implemented without that restriction and switch when a 

higher voltage is present in the capacitor (10D03). That higher voltage in 
the capacitor allows the electronics to operate longer before the other 
source of power is available. 

30 Advantages for an air flow generation : 
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The practical advantages of the embodiments of the invention for an air flow 
generator for CPAP are: 

(1) Allow a simpler, less expensive power supply as the requirements of the 
5 brush-less DC motor (BLDCM) and its electronic commutator are far less 

demanding than those of the controlling electronics. This is particularly 
useful in bi-level devices as the sudden acceleration of the motor requires 
extra power, and power supplies tend to be bigger, more complex and 
expensive. 

10 (2) Allow the controlling elements of the power supply to be fully integrated into 
the controlling electronics (typically microprocessor based), hence lowering 
the component count, that in turn leads to more reliability and lower cost. 

(3) Allow greater flexibility, since the controlling processor can be made to 
control not only the current though the BLDCM, but also the voltage over the 

15 BLDCM that can be made to change continually as commanded by the 

control electronics. If as it is commonly used to control the voltages over the " 
windings, the electronic commutation is pulse width modulated, it allows a 
flexible control scheme in which simultaneously the voltage available to the 
pulse with modulating circuit can be changed in addition to the pulse width 

20 itself. 

(4) If the flexibility discussed above is not necessary, then the electronic 
commutation of the BLDCM does not need to include pulse width 
modulation. The resulting system is simpler, has less components and is more 
efficient, since there is no power dissipation in the switches (typically 

25 MOSFBTs) of the electronic commutator of the BLCDM when performing 

pulse width modulation. 
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Different Implementations 

11 . A complete flow generator witho ut auxiliary power supply 

5 Fig. 9 shows an example of an air flow generator for CPAP treatment that uses the 
invention disclosed above. A conventional low power AC main frequency 
transformer with two secondary windings is used (9B2 in Fig. 9B) to power the 
control electronics, while the BLDCM (9D2, in Fig. 9D) is driven from the rectified 
AC main (node VCCLINE in Fig. 9A), following the circuit disclosed (see Fig. 9C) 
10 with the topology shown in Fig. 7A. The BLDCM (9D2, in Fig. 9D) Hall effect 
sensors and its electronic commutator are powered from the voltage generated from 
running the motor itself. 

Fig. 9A shows the circuit from the AC main EC power connector (9A6) to the node 
1 5 VCCLINE. VCCLINE, the output of the circuit, is the full wave rectified AC main. 
This is the DC voltage source (7A01) of Fig. 7A. 

Two fuses (9A8) and (9A7) are included for protection. The switch (9A9) is used to 
rum the equipment on or off. The switched AC main voltage is found between SA 
20 and SN. A metal-oxide varistor (MOV), (9A10) protects the device against AC main 
voltage transients. 

A filter (9A1) is used for EMI compliance (reference 8). The requirements on this 
filter should be reduced, as the frequency of the main source of EMI is modulated 
25 using spread spectrum techniques. A rectifier bridge (9A2) connects as a full wave 
rectifier, with a capacitive filter provided by (9A4). The capacitor (9A3) improves 
the high frequency impedance of the filter. A NTC (9A5) protects the rectifier bridge 
(9A2) against in-rush current when the equipment is turned on. 

30 Fig. 9B shows the low power transformer (9B2) that provides power to the control 
electronics. The nodes FMA and FMN in Fig. 9B, are connected to the input of the 
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rectifier bridge (9A2) after the filter (9A1) and the NTC (9A5). A snubber network 
9B1 protects the transformer. One of the secondary windings is rectified by the 
bridge (9B3), the output is filtered by (9B6) and regulated by linear regulators (9B4) 
and (9B5).This circuit provides +15Volt to power to the analog sensors, and +5Volt 
5 to power the microcontroller. The sensors and the microcontroller are in Fig. 9J. 

Fig. 9C shows the other main components of the circuit. The coil (9C3) is the 
inductance Lm, shown as (7A0S) in Fig. 7A. The capacitor (7A03) of Fig. 7A is 
implemented with the capacitors (9C2) and (9C1). Capacitor (9C1) improves the 
10 high frequency behaviour of the capacitor (9C2). Diode (9C4) corresponds to diode 
(7A04) of Fig. 7A. The motor (9C5) corresponds to the motor (7A02) of Fig 7A. 

Electrically, the BLDCM and the electronic commutator (also known as BLDCM as 
"controller") is a two terminal network with terminals labelled MOTOR.TOP and 
15 MOTOR_BT. The current flowing from MOTOR.TOP to MOTOR_BT is the 
variable used by the speed control loop, to control the speed of the BLCDM and 
hence the air pressure that the flow generator produces. 

The switch of Fig. 7A is implemented by the power MOSFET (9H4) in Fig. 9H. The 
20 current sensor (7A09) in Fig. 7A is implemented with the resistor (9H5) in Fig. 9H. 
(7A06) and (7A07) are implemented inside the UC2845 integrated circuit (9H3) in 
Fig. 9H. The data sheet of the device manufactured by Texas Instruments (it used to 
be a device manufactured by Unitrode) can be consulted for details. The drain of 
(9H4) is the node SW in Fig. 9H that connects to the same node in Fig. 9C. The 
25 "desired current" terminal in Fig. 7A is the command information that the 
microprocessor in Fig. 9J sends to the UC2845 in Fig. ?H. 

Fig. 9D shows the interface with the BLDCM (9D2). A low voltage drop linear 
voltage regulator (9D1) gets +5 volts from the terminal MOTOR.TOP. The node is 
30 called (+5VSENSORS) in Fig. 9D. A diode (9D27), and a filter consisting of resistor 
(9D29) and capacitors (9D28) is used with the voltage regulator. 
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The motor sensors (terminals SIM to S3M of 9D2) interface the main 
microcontroller through optocouplers (9D8, 9D9 and 9D10). The output of the 
optocouplers are the signals SI, S2 and S3, that connect to the microprocessor (9J2) 
5 in Fig. 9 J. 

Part of Fig. 9D and Figs. 9B and 9F show an implementation of an electronic 
commutator for a typical BLDCM used in airflow generators for CPAP. The circuit 
shown is particularly flexible in terms of maximum and minimum voltage mat the 
10 commutator would work with. This is achieved by the use of a current source to 
drive the gate of the P-channel MOSFET's. 

In Fig. 9D, resistor (9D25), Zener diode (9D26), resistor (9D24) and transistor 
(9D23) form a current source. When the optocoupler (9D5) is not conducting, the 
1 5 current in the collector of (9D25) makes Zener diode (9D1 1) to conduct, turning the 
P-channel MOSFBT, (9D3) on. Resistor (9D12) is included for protection. 

The N-channel MOSFBT (9D4) is of logic level type and is turn-on when 
optocoupler (9D6) conducts. A simple resistor (9D13) is shown in the gate of (9D4), 
20 however, extra circuitry to accelerate the removal of charge from the gate 
capacitance may be necessary if the pulse width modulation of the electronic 
commutator is used. The point connecting the drain terminal of both power 
MOSFET's is connected to LI terminal of the BLDCM, the signal name is L1C. 

25 Negative voltage with respect to MOTOR_BT is used for the current source. The 
voltage is labelled MOTOR_BT„V and is generated from +5VSENSORS by the 
circuit shown in Fig. 9G. Fig. 9G show a positive to negative voltage converter 
using a cascade of two industry standard charge pump integrated circuits ICL7660 
(9G1 and9G2inFig. 9G). 
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lo Figs. 9F and 9E, the current source, the N and P channel power MOSFET's and 
the two optocouplers have a function similar to the circuit in Fig. 9B that drives the 
LI winding of the motor. Tbe L2 winding of the motor is driven by circuitry in Fig. 
9E, while the L3 winding of the motor is driven by circuitry in Fig. 9F. 

5 

Fig. 9H shows a practical circuit that controls the switch (7A08) in Fig. 7A. An 
integrated circuit normally found in off-the-main switched mode power supplies, the 
Unicode's UC2845 (9h3) is controlling a power MOSFET (9H4). The current 
sensor (7A09) of Fig. 7A is the resistor (9H5). RC network (9h7) and (9h8) is a low 
10 pass filter that is necessary to eliminate switching noise from the voltage resulting 
from sensing the current. 

The voltage of one of the windings of the transformer (9B2) is rectified by (9hl), 
filtered by (9hl2) and regulated to 12 volts by (9h2). The 12 volts are used to power 
1 5 the current mode controller chip (9h3). 

Transistor (9hl2) saturates due to the current through resistor (9h9), connected to the 
+12 volt supply. A low voltage in pin 1 of (9h3) inhibits the operation of the chip 
and keeps the power MOSFET (9h4) off. To start the operation of the chip, or to 
20 make it woik in bursts, to achieve very low currents through the motor, the main 
microprocessor operates the optocoupler (9hl0) through resistor (9hl 1). A low level 
in the terminal labelled (shdwn) enables the operation of the current mode controller. 
In this way, the initial current can be set, before the chip can operate. 

25 The current is set through pulse width modulation applied to resistor (9h20), 
connected to the optocoupler (9hl9). The waveform in the collector of (9hl9) is 
filtered by resistor (9hl6) and capacitor (9hl7) and is buffered by operational 
amplifier (9b 15) to give a voltage that is used by the error amplifier of the UC2845 
(9h3). The error amplifier is programmed with a gain of (-1) by resistors (9hl4) and 

30 (9hl3). Capacitor (9h21) limits the bandwidth of the amplifier. The voltage in pin I 
of the UC2845 is reduced internally by subtracting two diode drops and divided by 
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three before being compared by the voltage sensed by the pin labelled (CS). When 
the voltage in (CS) exceeds the voltage in pin 1, as processed above, the switch (9h4) 
is turned oft The switch (9h4), is turned on by the oscillator inside the UC2845. 

5 The optocouplers (9hl0) and (9hl9) are controlled by the microcontroller (9J2) that 
controls the main function of the airflow generator. By changing the parameters of 
the pulse width modulation in the optocoupler (9hl9), the main microcontroller 
changes the maximum current through the sensing resistor (9h5), hence changing the 
average current through the BLDCM. The other optocoupler, (9hl0) can be used to 

10 set the current to "0" for several cycles, hence allowing for small average current to 
flow through the BLCDM. This optocoupler can also be used in oase of error or 
when the equipment is in stand-by. 

The timing for the oscillator is provided by a RC network connected to the pin 
1 5 labelled (RC) in (9h3). Normally a simple RC network is connected there. 

Fig. 91 shows a circuit to change the frequency of operation of the UC2845, under the 
control of the microprocessor (9J2). This is done to use spread spectrum techniques 
to facilitate EMI compliance (reference 8). Pulse width modulation is applied 

20 through the optocoupler (912). The waveform in the emitter of the output transistor 
of (912), is filtered by (914) and (916). (913) and (915) form a resistive divider that 
limits the maximum voltage over the filter. The output is referred to +Vref, the 5 
volts reference in the UC2845. Operational amplifier (917), and transistor (9112) are 
connected as a current source that is proportional to the voltage between +Vref and 

25 the output of the filter (voltage over the capacitor (916)). This current charges the 
capacitor (9113) that is part of the oscillator of UC2845. Resistor (9110) provides a 
minimum current for charging the capacitor, giving a minimum frequency to the 
oscillator. 

30 Another way of changing the frequency of the oscillator is to replace the resistor in 
the RC oscillator of the UC2845 with a digitally controlled potentiometer. 
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Fig. 9-J shows the main microcontroller of the flow generator. The microcontroller 
(9J2) operates the electronic commutator of the BLDCM (9D2) and the user interface 
(9J3) and reads the information from sensors (9J4). The circuit block (934) 
5 represents the pressure and airflow sensors typically found in the top end CPAP flow 
generators. (9J2) also interfaces with the current mode controller UC284S of Fig 
9H. This microcontroller could also communicate with other clinical equipment 
(typically through serial lines) as it is well known practice. 

10 The microcontroller (9J2) sets the current through the BLDCM by using the pulse 
width modulator PWM2 and an output line (signal name SETC and shdwn) 
connecting to the circuit of the UC284S. (9J2) also changes the frequency of 
operation of the UC2845 by using another pulse width modulator (PWM3), The 
microcontroller (9J2) in Fig. 9J has to generate the needed dead time. That is, the 

15 time necessary to prevent both MOSFET's, the N-channel and the P-channel to 
conduct at the same time, effectively short-circuiting MOTORJTOP with 
MOTORBT. 

A voltage to frequency converter, appearing as a block (9J6) in Fig. 9J, connects to 
20 microcontroller (9J2) through optocoupler (9J7). This is used to measure the voltage 
between MOTORJTOP and MOTOR_BT. 

Fig. 9K shows a circuit for the voltage to frequency converter (9J6). The voltage in 
' MOTORJTOP is filtered and regulated by a low voltage drop 5V linear regulator 

25 (9K1). Operational amplifiers (9K1 6) and (9K22) along with transistors (9K21) and 
(9K6), form a controlled current mirror. The current that charges the timing 
capacitor (9K8), depends on the voltage across resistor (9K15), that in turn, depends 
on the input voltage, the voltage between MOTORJTOP and MOTORJBT. The 
capacitor (9k8) is connected to a CMOS 555 timer IC, (9K9). The capacitor (9k8) is 

30 discharged by resistor (9K7), which is operated by the timer IC. Discharge time is 
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constant and the charge time depends on the input voltage. Optoooupler (9KU) in 
Fig. 9K corresponds to Optocoupler (9J7) in Fig. 9J. 

A crowbar circuit (UA06), as shown in Fig. 1 I A, may be added, connected between 
5 MOTORTOP and MOTORBT as a protection device. The crowbar is a well 
known circuit in which a SCR is triggered when the voltage across the terminals of 
the circuit exceeds a given value, working as a protection against malfunctions. 
Usually when a crowbar is triggered, a fuse (1 1A04 in Fig. 11 A) is blown to prevent 
further damage. 

10 

An alternative way of operating the electronic commutator of the BLDCM is to use a 
"small", 20-pin microcontroller (for instance, the AT90S2313 from Atmel 
Semiconductor) to perform the logic and interface with the main controller via an 
optically coupled serial NRZ full duplex line. This solution releases the main 

15 microprocessor from the task of operating the electronic commutator. The 20-pin 
microcontroller can report data to the main controller, like speed of the BLDCM, as it 
would be connected to the motor sensors. Commands to brake the motor or operate 
coasting can be given by the main microcontroller to the 20-pin microcontroller 
through the serial communication line. Also with additional interface circuitry, the 

20 "small" 20-pin microcontroller can report the voltage over the motor or can operate 
its own pulse width modulator or current control circuitry, to have a system as it was 
disclosed in Fig. 71. The second "small" microcontroller can also be used as a 
complex watch dog timer. Both microcontrollers can reset each other in case of 
detection of a fatal error condition. 

25 

Fig. 9L shows a low voltage drop linear regulator suitable to be used in (9D1), (9K1), 
and (1 1 Al 7). The circuit is designed to be used with 24 volt motors, since ourrontly 
available integrated circuits like, for instance, the LM2940, can work continually 
only with 20 VCC, 

30 
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In the circuit of Fig. 9L, ait operational amplifier (9L21) works as the error amplifier 
of a linear voltage regulator. 

Resistors (9L26) and (9L27) form the feedback network, and its relationship 
5 determines the output voltage. (9L28) is a voltage reference that is powered from the 
output of the circuit itself through resistor (9L24). A PNP topology is chosen for the 
pass transistor of the linear regulator (9L5) to obtain low voltage drop. Transistor 
(9L7) and resistor (9L6) provide current limiting. The output current circulates 
through resistor (9L6) and when the voltage drop reach a value that makes the base- 
10 emitter junction of (9L7) to conduct, the current through the collector of (9L7) 
diverts current from the base of (9L5), limiting the output current. 

Resistors (9L9) and (9L8) bias transistor (9L5) from the drain terminal of a logic 
level MOSFBT (9L13). The gate terminal of the logic level MOSFET (9L13) is 
15 connected to a voltage source implemented with 3.3 volt Zener diode (9L1 1), through 
resistor (9L12). Resistor (9L10) provides bias current to the 3.3 volt Zener diode 
(9L1 1). The collector current of transistor (9L14) can cause a voltage drop in resistor 
(9L12) and turn off the logic level MOSFBT (9L13). 

20 On powering up the circuit, when the output voltage is lower than the minimum 
voltage needed for the operation of the operational amplifier (9L21) and transistor 
(9L17), the logic level MOSFET (9L13), is saturated as its gate has the full 3.3 volts 
of the Zener diode (9L1 1). In this condition, maximum current circulates through the 
resistor (9L8), from the base of transistor (9L5). The current charges output 

25 capacitors (9L22) and (9L23). This arrangement guarantees that the circuit powers 
up. When the operational amplifiers senses that the voltage at the output, is reduced 
by the resistive divider (9L26) and (9L27) is larger than the voltage reference (9L28), 
the voltage on its output is raised. 

30 The output of the operational amplifier (9L21) is connected to a resistive divider 
formed by (9L18), (9L17) and (9L16). The resistive divider formed by (9L18), 
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(9L17) and (9L16) biases the base of transistor (9L17). Because of the emitter 
resistance (9H5), transistor (9L17) works as a current source. The higher the 
voltage difference between the sampled circuit output voltage in the non inverting (+) 
input of the operational amplifier (9L21), and the reference voltage (9L28), 
5 Connected to the inverting input of (9L21), the higher the voltage at the base of 
(9L14) and the higher the current through its collector. 

The higher the current through collector of (9L14), the lower the voltage in the gate 
of logic level MOSFET (9L13), and the lower the current through the base of (9LS). 

10 The lower the current through the base of (9L5), the lower the current through its 
collector, and the lower the output voltage of the circuit is, compensating the original 
effect. Capacitor (9L19) and resistor (9L20) compensate the feedback loop, by 
shaping its frequency response. Resistor (9L1) and capacitors (9L4) and (9L3) form 
a low pass filter for the noise and voltage variations of the input voltage V M . 

15 Schottky diode (9L2) is needed if the voltage available from Vm is discontinuous. 

12. Auxiliary power suddIv DC-DC converter and switch 

Fig. 10B shows an example of the "auxiliary power supply" referred to in Fig. 10A 
20 and Fig. 4. This power supply typically dissipates significant power during the first 
seconds of operation of the unit. It consists of the shunt regulator (Z2) f formed by a 
programmable Zener diode TL431 t that is followed by a power MOSFET (MF1) 
connected to the voltage generated by the TL431 via the resistor (R3). The 
combination of Zener diode (Zl), transistor (Tl) and the resistors (R6) and (R7) f 
25 makes the voltage at the output to stabilise around 12 volts. 

If the voltage at the output (point labelled APS) grows, the base current of transistor 
(Tl) also grows, causing the collector current of transistor (Tl) to grow. This, in 
turn, causes the voltage in the gate of MOSFET (MF1) to decrease, making the 
30 output voltage to decrease. In this way, the system is stable. The electronic switch 
shown in Fig. 4, is made with diodes (Dl) and (D2) for sake of clarity. 
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Whcn the linear regulator 7815 produces 15 volts, diode (D2) conducts and diode 
(Dl) is reverse biased. However, in a practical circuit, diode (Dl ) can be replaced by 
a short circuit, since a voltage larger than around 13 volts in the output (node labelled 
5 APS) makes the transistor (Tl) conduct in such a way as to cut off MOSFET (MF1). 
This leaves only a small current flowing every half cycle of the AC main through the 
programmable Zener integrated circuit TL431 (Z2). The voltage to generate the 15 
volts of the 7815 regulator is generated from the voltage over the motor by a suitable 
DC-DC converter. 

10 

Alternatively, the inductance L M ((64) in Fig. 6) connected to the BLD CM can be 
replaced by a transformer, with one of its secondary windings generating the voltage 
for the 7815. 

15 13. DC-DC converter 

Fig. 10C shows an implementation of the DC- DC converter necessary to extract 
useable voltage out of the motor voltage. 

20 The DC-DC converter is designed to be controlled from the main microprocessor. 
The design can be used to reduce or boost the voltage collected from MOTORJTOP, 
according to the mode of operation. The circuit can operate in three modes: 

DCDC_ml: As a down converter switched mode power supply. The voltage 
from MOTORJTOP is filtered by resistor (10C01) and capacitors 
25 (10C02) and (10C03). The transistor (1 OC04), diode (10C06) coil 

(10C05) and capacitors (10C08) and (10C09) can operate as a 
down converter switched mode power supply, when motor 
voltage is high. In mis mode of operation the MOSFET (10C12) 
is off and transistor (10C04) is controlled by a pulse width 
30 modulator output from the microcontroller (PWM_PS). The 
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microprocessor uses the voltage sampled by (10C11) (node 
labelled MPADPS) to close the loop. 

DCDC_m2: As a boost converter switched mode power supply. The voltage 
5 from MOTORTOP is filtered by resistor (10C01) and capacitors 

(10C02) and (10C03). Transistor (10C04) is saturated all the 
time. The MOSFET (10C12), diode (10C07) coil (10C05) and 
capacitors (10C08) and (10C09) operate as a boost converter ( 
also called a "ringing choke") switched mode power supply, when 
10 motor voltage is low. In this mode of operation, the MOSFET 

(10C12) is controlled by a pulse width modulator output from the 
microcontroller (PWM_PS). The microprocessor uses the voltage 
sampled by (10CI 1) (node labelled MPADPS) to close the loop. 

DCDCm3: As a linear power supply. The voltage from MOTORTOP is 
filtered by resistor (10C01) and capacitors (10C02) and (10C03). 
Transistor (10C04) is saturated all the time. The MOSFET 
(10C12) is off all the time. The coil (10C05) and capacitors 
(10C08) end (10C09) act as further filtering. Diode (10C07) 
conducts all the time. 

The microprocessor selects the mode of operation based on the voltage over the 
capacitor (10C08), by operating the output line PS_MODE. The line PS_MODE, 
changes the way analog switches (10C14) and (1 0C1 3) connect. 

25 

14. Start-up Switch 

Fig, 10E shows an implementation of the switch (10D05) of Fig. 10D and the circuit 
that operates the switch () 0D06) in Fig. 10D. When transistor (10E13) is off, and the 
30 voltage at the input is lower than the Zener voltage of diode (10E10) plus the 
minimum voltage drop for conduction in the base of transistor (10E13), the transistor 



15 



20 
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(10E03) is off. The current taken from the input voltage is the leakage current of all 
the transistors connected. When the voltage at the input is high enough for the base 
of (10E13) to conduct with current through the Zcner diode (10E10), transistor 
(IOE03) is turned on, as collector of (10E13) draws current and is pulled down. 
5 Also, transistor (1 0B06) is turned on. 

The collector current of (10E06) goes through the base of (10B13) establishing a 
positive feedback loop, that keeps (10E13) conducting even when the input voltage 
Vi becomes lower than the minimum voltage required to start the operation of the 
10 switch. 

Transistor (10E04) and resistor (10E02) limit the current through the transistor 
(10E03). In this way, large capacitors can be connected to Vi and V$w, without 
damaging the transistor (10E03). 

15 

15. Flow generator with auxiliary power supply 

Fig. 1 1 A shows an air flow generator using the concept of auxiliary power supply. 

20 The topology is similar to that of Fig. 6 with the switch implemented by MOSFET 
(11 AOS), the DC power source the rectified AC main as in Fig. 9A (note node 
VCCLINE). The inductance is coil (11A08) and the freewheeling diode is (11A07). 
The capacitor in parallel with the BLDCM is (11 All). The current is sensed by 
resistor (1 1 A14). The BLDCM is (1 1 A12). 

25 

All the control circuit runs from +5 Yolt from a low voltage drop regulator (11A17), 
The auxiliary power supply (11A01) can be implemented with the circuit of 
Fig. 10B, modified to give around 6 volt at the output rather than 12 volt. This is 
done by changing Zener diode (Zl) in Fig. 10B to a 5.6 Volt Zener diode rather than 
30 a 11 Volt one; 
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An alternative to the auxiliary power supply (1 1 A01) is the arrangement of Fig. 10D. 
With the circuit of Fig. 10E replacing the switch (10D0S) and the circuit block 
(10D06), the low voltage drop SV regulator (1 1 A17) and all the circuits running from 
5 Volt take the place of (10D12), and the voltage adapter (10D13) is resistor (1 1 A02) 
5 and capacitor (I IA03). 

The microcontroller (1 1 A16) has inputs and outputs that can interface with a brush- 
less DC motor and electronic commutator similar to the one shown in Fig. 9. 
Consequently, the control lines out of (11A16) have been labelled consistently with 

10 the output lines out of (9J2). The voltage in the node MOTORJTOP is monitored 
using an analog input to the microcontroller (A/D converter) through network 
(11A15). The MOSFET (11 AOS) is driven by a pulse transformer (11 A09). The 
electronic commutator of the BLDCM can be pulse width modulated to enable a 
more flexible operation. The effect is achieved by applying one of the PWM outputs 

15 of the microcontroller to the gate (1 1 A18). 

Fig. 11B shows a current mode controller designed to work with the circuit of 
Fig. 11 A. One of the pulse width modulator output lines of the microcontroller 
clocks the "D" type flip-flop (11 BOS), setting the output to one. When the current 

20 reaches the level set by another pulse width modulator, through filter formed by 
(11B12) and (UB13) f the comparator (liB06) resets the flip-flop. The output of the 
flip-flop is connected to buffers that drive the transformer (11A09). Gate (11B04) 
and inverter (1 1B01) provide fail-safe operation. If the line labelled CDFF from the 
microcontroller is low, the output buffers are disabled and the flip-flop cannot be set 

25 to one. 

The current is measured also by the microcontroller by reading the A/D input 
connected to the operational amplifier (11BJ1), which is amplifying the voltage 
sensed by the resistor (1 1 A14). A crowbar circuit is shown in Fig. 1 1 A (1 1 A06) it is 
30 connected between MOTORJTOP and MOTORJBT as a protection device, The 
crowbar is a well known circuit in which a SCR is triggered when the voltage across 
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the terminals of the circuit exceeds a given value, working as a protection against 
malfunctions. When the crowbar is triggered, the fhse (1 1 A04) is blown to prevent 
further damage. 

5 16. Multiple Cooling fan controller 

Fig. 12 shows another application of the embodiments of the invention, as disclosed 
in Fig. 7H. A transformer (1203) connected as in a flyback dc-dc converter is used to 
provide the inductance and the freewheeling diode. In die circuit of Fig. 12, up to 
10 four 12 volt cooling fans can be connected in series* This limit of four, is to limit the 
maximum voltage at the output of the circuit Bach of the cooling fans is connected 
through a connector and can be replaced by a link when not connected. 

A current mode controller (1210) is used to control the MOSFET (1208) while 
1 5 sensing the current with resistor (1 205). 

. The transformer, has an additional winding to provide power to the current mode 
controller through voltage regulator (1202). The circuit block (1201) provides the 
power for starting the current mode controller. 

20 

In the secondary side of the transformer, a microcontroller (1212) is powered from 
voltage regulator (1205). (1205) takes the power from the voltage resulting from the 
cooling fans when the set output current (Io) is circulating). 

25 Resistor (1218) is used to sense the output current. The microcontroller (1212) can 
sense the voltages V0 to V3 in the circuit, corresponding to the voltage across each of 
the cooling fans, and the top of the stack. Each fan has a capacitor in parallel, as 
shown in the block (1204). Temperature can be sensed by a sensor (1217) and read 
by an analog input of the microcontroller. The microcontroller interacts with die 

30 cunrent mode controller through an isolated interface, as in Figs. 9H and 91, to change 
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the current (Io) and change the frequency of operation of the current mode controller 
randomly to facilitate EMI compliance. 

An isolated mains AC zero crossing circuit may be added to the microcontroller, to 
5 allow for the current (Io) to be changed as a full wave rectified AC signal 
synchronous with the AC main, in order to improve the power factor of the circuit. 

(1206) and (1207) are snubbers, which may be necessary in any flyback circuit, 
depending of the characteristics of the transformer used. 

10 

17. CoplinRfiffl 

Fig. 13 shows a cooling fan based on a brush-less DC motor running from the AC 
main with the system shown in Fig. 7 A. A rectifier bridge (131) rectifies the AC 
15 main. The inductance (Lm)> (135) corresponds with the inductance (7A05) of 
Fig. 7A, while the capacitor in parallel with the motor Cm (134) corresponds with 
(7A03) of Fig. 7A. The anode of the freewheeling diode (1350) is connected from 
the drain of power MOSFET (137) and the cathode of the freewheeling diode is 
connected to VCCLINE. 

20 

The network consisting of (1314), (1313) and (1315) provide power to start a 
UCC3845 based current mode controller. Resistor (1322) is sensing the current 
through the switch (137). In operation, charge is t4 pumped" through the circuit 
consisting of capacitor (136), diodes (139) and (138) and Zener diode (1310). The 
25 voltage over the Zener diode (1310) is connected through diode (1311), to capacitor 
(1312). 

A microcontroller (1318) powered from a low voltage drop regulator (1323). is used 
to perform the following tasks: 
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Task_Figl3_l Measure the voltage across the fan to check its operation and to 

have an indication of its speed. 
TaskFigl3.„2 Set the current through the cooling fan by interfacing to the (1317). 

It can be modulated to correct power factor by measuring the 
5 voltage VCCLINE and making the current through the coil to be a 

foil wave AC rectified waveform synchronous with the voltage in 

VCCLINE. If this is done, capacitor (132) is a small capacitor, 

allowing the voltage at the output of the rectifier to track the AC 

line full wave rectified voltage. 
10 Ta$k_Figl3JJ Change the frequency of operation of (1317) following spread 

spectrum techniques to facilitate EMI regulatory compliance. 

(reference 8). 
TaskJFigl 3_4 Control the speed of the fan. 

TaskFigl3_5 Interface through optocoupler (1321) to a temperature to frequency 
15 converter, to set the speed of the fan in response to changes in 

ambient temperature. 

The circuit of (1317) can be taken from Figs. 9H and 91, with the power taken from 
capacitor (1312), through diode (1316) instead of the 12 volt regulator (9H2) of 
20 Fig. 9H. 

18. Bilevel flow generator with power factor correction 

Fig. 14 shows an application of an embodiment of the invention disclosed in Fig. 71. 



25 



The AC main voltage i$ passed through a circuit similar to the circuit shown in 
Fig. 9A, The filtered AC mains voltage is rectified by bridge (141). Capacitor (142) 
is small enough for the voltage across it to track the full wave rectified AC main. 
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Switch (1414) is a transformer driven power MOSFET, similar to the switch of 
Fig. 11. Inductance (141 5) has a function similar to (715), a freewheeling diode 
(1420) is connected as (714) in Fig. 71. 

5 The motor driver (143) use the pulse width modulation of the electronic commutator 
to drive motor (144) in constant current mode, using sensor (146). 

Controller (1412), control the current through the inductance (1415), that is 
approximately the current through the sensor (1417). 

10 

The current through the motor and the current through the inductance are set by the 
main controller (149), 

Sensors (148) translate physical variables into information that (149) can read. 

15 

The system in Fig. 14 can operate in several modes as follows: 

F14M_1, If the microcontroller measures the voltage in the point connecting Cm 
and Lm» and use the measurement as feedback in a control loop that 
20 changes the current through the coil (1415) to obtain the desired voltage 

over the motor, then the system operates as the current state of the art. 

F14M_2. If the system operates as described above, but the voltage is changed to 
assist the action of the motor driver (143), the system is behaving in an 
25 innovative way. For instance, the voltage may be raised immediately 

before the motor needs acceleration. Or the voltage may change to make 
the action of the pulse width modulation more effective. 



F14MJ5. 

30 



The system can work as disclosed in Fig. 7L The average current that the 
motor controller (143) uses is allowed to pass through inductance (1415). 
Charge is accumulated in Cm, to be used when peak current is needed. 
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F14M_4. This mode is similar to the previous mode (3), but the current through 
inductance (1415), (Lm) is shaped as a full wave rectified sinusoidal 
waveform, synchronous with the waveform in the rectified AC mains, to 

5 improve power factor correction. This can be achieved either by 

multiplying the current output by the value read in the analog to digital 
converter input through network (1410) or with the method described in 
with the description of Fig. 71. The network (1411) connects the 
microcontroller (149) to the filtered AC mains, for zero crossing 

10 detection. The result is shown immediately below (141 1) in Fig. 14. 



Current sensor (146) does not need to be used, and the pulse width modulation of the 
microcontroller (149) can operate directly over the electronic commutator of the 
BLDCM (144), in response to some physical quantity that is controlled. Still similar 
1 5 results can be achieved. 

The feedback loop controlling the average current through the inductance (1414) has 
to use the voltage over the motor, to calculate the actual current draw by the motor 
itself. This is done by the calculation: 

20 

Current Jnj>r j>utj>f J2M = CM * Diff Jn_voitage / TimeJ>etween_sampling 



and 

I_motor = IJnductance - Current Jn w or_out_of_CM 

25 

where: 



Diffjnjvoltage: The change in capacitor voltage since the last sample. 

CuxrenMn_or j>ut_of_CM: The net current through the terminal of the capacitor. 
30 TimeJ>ctween_sajnapling: The time between the samples made to the voltage 

over the capacitor. 
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CM; 



I motor 



I inductance; 



The value of the capacitor in parallel with the motor. 
Average current through the motor during sample 
interval 

Current through the inductance as controlled. It is 
measured in the sensor (1417). 



Current state of the art feedback loops, to control the voltage of output of a power 
supply, use an error magnitude that would be the difference between the voltage over 
the capacitor and the desired voltage. If the difference is large enough, the output of 
10 the control loop will saturate. 

In this new control scheme, even large voltage differences between the capacitor 
instantaneous voltage and its average voltage do not necessarily cause a similar 
response; the response depends on the current requirements. 



Table 2 lists pseudo-code following the syntax of the C language detailing the 



If the system also corrects for power factor, the sampling interval is 1 cycle of the 
20 AC main. The sampling interval can be made half the cycle if the extra harmonics 
introduced by occasionally having different current in both half cycles of the AC 
mains is acceptable. 



15 



algorithm. 



WO 2005/008878 



PCT/AU2004/000982 



-71- 

T ABLE 2 

// algorithm to detennine the value to set the current through the inductance (LM) 
// according to the charge stored in the capacitor in parallel with the motor (CM) 

VC ■ rcading^capaoitor_voltage^ ; 

If(VC>VCmax){I = 0;) // check that the voltage is not too high 

10 else 

{ 

If ( VC - VCmin ) { I* IMAX ; ) // check that the voltage is not too low 
IS else 

{ 

VJ>iff = VC- Qld_VC ; // calculate the voltage difference between samples 



20 



30 



45 



} 



// the two lines bellow are necessary if the average current through the 
// motor is unknown 



I_cap - C * VJDiff / Timej>etween_samples ; // calculate the net current 
25 // into the capacitor 



35 else 



40 



I_motor = Ijnductance - leap ; // calculate the current though the motor 
If(VC>Vjarget) 
{ 

// here if there is no need for accumulating additional charge 
I = IJnotor ; 

) 



{ // here if the capacitor voltage is less than or equal to the target voltage 

// calculate the current needed to replenish the capacitor 
I_to w charge_C = ( V jargct - VC ) * C / Timejbetween_samples ; 

// add the current needed to replenish to the current needed by the motor 
I » Ijnotor + I_to_charge_C ; 

} 



50 OldJVO* VC ; // save the current value of the capacitor voltage 
Return (1); // return the calculated current 
// end of the function 
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Once the average current through the inductance is calculated, it remains constant for 
the sampling time. If the system is power factor controlled, the average current 
through the inductance is used to calculate the peak of the full wave rectified 
sinusoidal current that is applied through the inductance, synchronieally with the AC 
5 mains as: 

I (t)- leverage through ^inductance * it/2 * \ sin ( (2*n*F) * t ) | 

where: 

10 

• I(t) is the set current to the current mode controller. 

• Jjxverage through Jnductance is the current requirements keeping the 
motor running and the capacitor with the target charge. 

• Fis the frequency of the AC main. 
15 • t is the time. 

The operating frequency of the current mode controller, is changed using the 
algorithm shown in Table 3 . 



20 
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TABLE 3 



Algorithm for changing the frequency randomly to Improve EMI compliance 



5 // Table of frequency data 
FT[0]- Data frequency 0; 
FT[lj- Data frequency 1; 
FT[2]« Data frequency 2; 



1 0 FT[N-1]- Data frequency N-l ; 



IntGet_new_frequency(01d frequency) 
( 

15 

new_number: 

R = generate_random_number J>etween_N- l_and_ 0 ( ); 

20 If ( Oldjfrequency * 0 ) and ( R=N-l ) { goto new_number ; } 
If ( Oldjrequency « N-l ) and ( R-0 ) { goto new_numbcr ; } 
If ( R -Oldjrequency ) { goto new_number ; ) 

If ( R =» Oldjrequency - 1 ) or ( R tt Oldjrequency +1 ) { goto newjnumber ; > 
25 Retuni(R); 
} 



30 // note the hardware is programmed with data from the table using the number as index. 
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Flv. 16 a topolotrv for an active power factor correcting circuit 

Fig. 16 shows a topology for an active power factor correcting circuit Although 
related to other switch mode power supply topology's, the circuit is unique in the fact 
5 that the output is not referred to the input ground, but rather to the input voltage. 

The circuit could be described as "a non-isolated flyback switcher with the output 
referred to the input", or "a low side switched, buck-boost converter with the output 
referred to the input". It is also related to the boost converter. The buck-boost 
10 converter is the switch mode power supply topology from which the circuit of figure 
7L is derived from. However, unlike the boost converter, the output voltage can be 
set higher or lower than the input voltage (the rectified AC mains). 

In Fig. 16, a diode bridge (1601) rectifies the AC mains into a full wave rectified AC 
15 waveform. The value of capacitor Csmall (1602) has to be chosen so the voltage in 
the point "A" of the circuit (the positive output of the diode bridge rectifier (1601)), 
tracks the voltage produced by the rectifier. The output of the circuit of Fig. 16 is the 
port from "A" to V 0 , consequently the point "A" has been made the input common 
terminal for the main converter (1607) in Fig. 16. The main converter (1607) is what 
20 it is normally call the "load" of the circuit of Fig. 16. 

Capacitor Co (1606) is a storage capacitor. It is in parallel with the output. The 
switch, (1605) in Fig. 16 is typically an N-Channel power MOSFET. When the 
switch is closed, the inductive element Lpfc (1603) is connected across the input 
voltage and current flows into it, growing linearly during the period of time the 
switch is conducting (Ton). At the frequency of commutation normally used in this 
type of circuits, the full wave rectified AC mains remains practically constant for the 
period of commutation. The controller (1610) in Fig. 16 uses the. information 
provided by the current sensor (1608) to decide when to open the switch (1605). 
When the (1605) opens, the diode (1604) takes the current circulating from the 
inductive element (1603). The current through the inductive element can not change 
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instantaneously and starts flowing into both the load and the storage capacitor Co 
(1606) connected in parallel with the load. With the switch (1605) open and the 
diode (1604) conducting, the inductive element (1603) is just In parallel with the 
series combination of the diode (1604) itself, in series with the parallel combination 
5 of Co (1606) and the load (main converter 1 607). If the switch is kc P l °P cn > current 
keeps flowing, charging capacitor Co (the portion of the current not taken by the 
load) until the current though the inductive element reaches zero. At this moment, 
the diode (1604) becomes reverse bias by the voltage across the storage capacitor Co. 

10 If the switch closes before the current reaches zero, then the circuit is said to operate 
in the continuous current mode. The process starts again in the next cycle. By the 
way the Power Factor Controller (PFC) (1610) controls the maximum value of the 
current trough the inductive element (1603), and the conduction time of the switch 
(1605), the filtered waveform of the train of triangular (or trapezoidal for the case of 

15 continuous current mode) current pulses taken from capacitor (1602) is filtered by the 
action of the capacitor into a normally good approximation of mil wave rectified AC 
mains current waveform synchronous with the AC mains, that yields close to unity 
power factor when "seen" from the AC mains side. The feedback circuit (1609) is 
needed to provide the controller (1610) with the information of the voltage across the 

20 storage capacitor Co (1606). 

This topology can be seen as related to the system of Fig. 7J, that has been analysed 
in Fig. 15. 

25 The analysis is the system in steady state is similar to the analysis made in Fig. 15. 
The "load" of the system is the block (1607). Any type of DC-to-DC or DC-to-AC 
converter could be used in block (1607). Although Fig. 16 shows a converter, it will 
be obvious for those skilled in the art that any load suitable to be connected to a 
power supply could be used in place of block (1607). 

30 
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Consequently with the results of Fig. IS, it can be said that from dynamic point of 
view, the circuit can be designed using the well-known equations of the buck-boost 
converter (also known as positive to negative converter). However, it must be kept in 
mind that the output is referred to the input voltage and not to ground, the polarity of 
5 the output is not negative, and that the switch must be rated as the sum of the input 
' voltage plus the output voltage. 

The advantages of this topology are: 

10 • Low side switch ( unlike the buck-boost or positive to negative converter and the 
buck converter topology ) 

• No in-rush current problem ( unlike the boost converter ) 

• High power factor correction ( unlike the buck converter topology ) 

• Freedom to choose the output voltage. Normally it will be lower than the output 
1 5 voltage to be able to simplify the converters following the circuit. Howover the 

output voltage could be made variable. 

In the classical non-power-factor-corrected topology for an off the mains switch 
mode power supply implemented as a buck converter followed by a DC-DC 

20 converter operating from the lower voltage created by the buck converter, it would be 
an advantage to replace the buck converter by the circuit of Fig. 16 to give power 
factor correction. However, as it would be clear for a designer skilled in the art, it 
must be noted that for optimum performance the DC-DC converter following the 
circuit of Fig. 16 must be itself controlled with its own feedback loop from the output 

25 of the power supply. 

The advantages of lowering the voltage obtained from the power factor controller 
are: 

• P type MOSFET's are rarely manufacture for drain to source breakdown voltages 
30 voltages over 200 Volts. P channel MOSFET's permit more flexible designs, 

with simple drivers. 
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• MOSFBTs with lower drain to source breakdown voltages may be fasten 

• MOSFET's with lower drain to source breakdown voltages has lower ON 
resistance. 

• Logic level MOSFET's are rarely manufacture for drain to source breakdown 
5 voltages over 60 Volts. 

• Working with lower voltages makes design and prototyping easier. 

• The voltages of many electronic circuits are very low. Hence, it is an advantage 
to drive a high performance DC-DC converter from a lower voltage. 

10 For switched mode power supplies ( DC to DC converter following the circuit of 
Fig. 16 ) or other devices like fluorescent tubes drivers ( DC to AC converter 
following the circuit of Fig. 16 ) the main converter following the power factor 
corrector stage is isolated hence the fact that the output of the circuit of Fig. 16 is not 
referred to ground is a problem only from the point of view of noise and for the 

1 5 complexity of the feedback circuit. Both problems can be overcome. 

The disadvantage of not having the output referred to ground can be easily overcome 
by decoupling carefully with capacitors with good high frequency characteristics to 
form a ground plane at the frequency of the commutation of the converter. 

20 

' The feedback from the output of the controller has to be done by either an isolated 
link or using a differential amplifier. The most inexpensive technique would 
typically be to use an optocoupler. However, all the techniques currently used for 
providing feedback though an isolating barrier can be used. Alternatively, a 
25 differential amplifier can be used taking the input from the two output terminals of 
the circuit of Fig. 16. This eliminates the input voltage from the mains. This voltage 
appears as common mode voltage between the output terminals of the circuit. 

A topology based on a buck-boost converter may use a simple voltage divider for the 
30 feedback circuit, and the output voltage can be lower than the input voltage,' however, 
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the requirement of a high side drive for the switch far out-weights the advantage of 
the simpler feedback circuit. 

Any of the current state of the art techniques or algorithms for power fector 
5 correction can be used in the controller (1610) ( see xef. 10 page 222 or ref. 25 
chapter 1 ): 

• Fix-on time , Discontinuous Current Control (DCC) , with or without fixed 
output voltage ( for the boost topology is called a "boost follower"). 

10 • Critical Conduction Mode (CRM) also known as Transitional Mode Controllers 
(ref.25, page 8). 

• Continuous Conduction Mode (CCM) Control ( see ref. 20, 21 and 25 ). 

In continuous current control, the control loop can use as feedback several 
15 alternatives, for instance, average current control or peak current control. 

From a practical implementation point of view, most if not all the current integrated 
circuits controllers designed for boost-converter-based power-factor-correction 
circuits can be used with little modification for the block (1610) of Fig. 16. 

20 

If the power factor correction controller is based on a microcomputer with analog to 
digital converter the technique disclosed in the description of the controller of 
Fig9. 71 and 9 can be used. Alternatively, if the factor correction controller is based 
on a microcomputer without analog to digital converter the algorithm disclosed in 
25 TABLE 1 can be used. 

If a classical controller with fix oscillation frequency, set by external components is 
used along with a microcomputer. The technique shown on Figs. 9H and 91 and 
Fig. 17F in combination with the algorithm of TABLE 3, can be used to change 
30 randomly the frequency of oscillation of the controller, improving on the EMI 
characteristics of the system. 
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Fi*. 17 Application of topology for oower f actor corrected AC to DC converter of 
Fig. 1 $ 

5 Fig. 17 shows a practical example of one possible implementation of the topology 
shown in Fig. 16. The NCP1650 power factor controller integrated circuit, from On 
Semiconductors (see ref. 26), has been chosen for the example. The NCP1651 (see 
ref. 27), from the same manufacturer, is a more suitable device since it does not 
require the external start-up circuitry and the feedback input is specifically designed 
1 0 to work with the optically coupled circuit used in mis type of applications. However 
the NCP1650 has been selected instead of the NCP1651 to show that most if not all 
power factor correction integrated circuits can be adapted to work with the topology 
of Fig. 16. 

IS As with all the integrated circuits, its application must comply with the design 
parameters defined by the manufacturer. The example of Fig. 17 is a variation of the 
following application note from On semiconductor: AND8106/D, 100 Watt, 
Universal Input, PFC Converter. It can be found on page 67 of reference 25. The 
differences with the original application note are: 

20 

• The topology of the circuit conforms to the topology of Fig. 16, The original 
design in the application note, is for a boost converter. In the design of Fig. 17, 
the output voltage can be lower than the peak voltage of the rectified AC mains 
or higher. In contrast the boost converter of the application note can produce 

25 only a voltage higher than the rectified AC mains peak voltage. 

• The design of Fig. 17 does not need inrush current protection, In contrast, a 
boost converter must charge the storage capacitor to the peak of the rectified AC 
mains on power up and typically needs inrush current protection. 

• The output of the power fector controller in Fig. 16 does not share the same 
30 common terminal with the rectified AC mains or the integrated circuit NCP1650. 
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In Fig. 17F there is a reference list of the four different common terminals used in 
the circuit of Fig. 17. 

• The start-up circuit (Fig. 17B) has been modified because the output voltage is 
not referred to the ground of the integrated circuit. 

5 • The feedback circuit (Fig. 17C) has been modified because the output voltage is 
not referred to the ground of the integrated circuit. 

• The circuit in Fig. 17F is optional. If the circuit is added, a microcontroller can 
produce pseudo-random variations in the frequency of the oscillator of the 
NCP1650 integrated circuit. This is another example of the idea disclosed in 

10 Fig. 91. 

• A generic DC -DC converter is added in Fig. 17E. This is an example of the 
block (1607) in Fig. 16. 

In Fig. 17 A, a diode bridge (1701) rectifies the AC mains into a full wave rectified 
15 AC waveform. The value of capacitor CI (1702) has been chosen so the voltage in 
the point Vi of the circuit (the positive output of the diode bridge rectifier (1701)) 
tracks the voltage produced by the rectifier. The circuit also includes capacitor 
(1711) that has been placed in another side of the picture to show the fact that 
capacitor (1602) in Fig. 16, can be made of a number of capacitors in parallel. The 
20 position of the capacitors has to be considered with attention to EMI compatibility of 
the final product. All the capacitor in parallel with CI (1702) (or (1602) in Fig. 16) 
must have good high frequency characteristics. It must be noted that the output of 
the circuit of Fig. 17A is the port from V| to V 0 p, consequently the point Vihas been 
made the common for the DC-DC converter circuit in Fig. 17E. 

25 

Capacitor C3 (1707) is the storage capacitor of the power factor controller. It is in 
parallel with the output. The MOSFET MF1, (1709) in Fig. 17A is the switch (1605) 
of Fig. 16. When the MOSFET is conducting, the inductance LI (1703) is connected 
across the input voltage and current flows into it, growing linearly during the period 
30 of time the MOSFET is conducting (Ton). At the frequency of commutation of the 
circuit, the full wave rectified AC mains remains practically constant for the period 
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of commutation. The IC controller in Fig. 17, the NCP1650, of Fig. 17D is not 
referenced to the negative terminal of the diode bridge. Instead it is referred to the 
mid point between the MOSFET (1709) and the current sensing resistor R2 (1708) in 
Fig. 17A. The chip uses the negative voltage with respect to the common node of the 
5 chip's circuit (pin 15 in Fig. 17D), as current information to decide when to turn of 
the MOSFBT MF1 (1709)! 

When the MOSFET (1709) is off, diode D2 (1706) takes the current circulating from 
the inductance (1703). The current through the inductance can not change 

10 instantaneously and starts flowing into both the load and the storage capacitor C3 
(1707) connected in parallel with the load. With the MOSFET MFl non-conducting 
and the diode D2 conducting. The inductance is just in parallel with the series 
combination the diode D2, itself in series with the parallel combination of the 
capacitor C3 (1707) and the load (converter of Fig. 17E). If the MOSFET is kept 

IS non-conducting, current keeps flowing, charging capacitor C3 (the portion not taken 
by the load) until it reaches zero and the diode D2 becomes reverse biased from the 
voltage across the storage capacitor C3. 

If the MOSFET conducts before the current reaches zero, then the circuit is said to 
20 operate in the continuous current mode. The process starts again in the next cycle. 
By the way the integrated circuit NCP1650 (1733) controls the maximum value of 
the current trough the inductance, and the conduction time of the MOSFET, the 
filtered waveform of the train of triangular current pulses ( or trapezoidal, in 
continuous current mode) taken from capacitor CI (1702) is filtered by the action of 
25 the capacitor into a normally good approximation of full wave rectified AC mains 
current waveform synchronous with the AC mains, that yields close to unity power 
factor when "seen" from the AC mains side. 

The inductance Ll has an additional winding -that provides power for the chip itself. 
30 The inductance Ll works as the primary of a transformer. The diode Dl (1704) and 
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the capacitor C2 (1705), provide rectification and filtering of the wave in the 
secondary side of the arrangement 

Fig. 17B is the start up sub-circuit. The circuit is similar to the application note 
5 referenced above. The changes reflect the fact that the output can not bias the 
MOSFET to turn it off. Hence capacitors (1719) and (1720) has been added. Also 
resistor (1715) discharge capacitors (1719) and (1720) when the system is not 
powered. MOSFET MF2 (1717) is made to conduct because of the voltage difference 
between V BlAS (that is low, at the start-up) and the voltage over the zener diode Zl 
10 (1718). As V BIAS approaches the working voltage the difference with the zener value 
is smaller and the MOSFET (1717) stops conducting. As the input of the start-up 
circuit is the full wave rectified AC mains (and not the output storage capacitor as in 
the original application note) without the capacitors (1719) and (1720) the voltage 
over the zener diode is pulsating, (when the input voltage of the full wave rectified 
1 5 AC mains is lower than the zener value) and the MOSFET is periodically tumed-on. 
Hence without the capacitors (1719) and (1720), the start-up circuit overheat. 

Fig. 17C is the feedback path. Those skilled in the art of switched mode power 
supplies will recognise the standard optically coupled feedback network formed with 

20 IC2 ((1730), typically a TL431 programmable zener diode IC. Resistors network 
(1731) formed by R15, RV1 and R14, set the value of the output voltage. When the 
output voltage grows, the voltage drop across resistor R13 (1732) also grows. If this 
happens, the current trough the diode of the opto-coupler IC3 (1729) grows too. The 
output transistor of the opto-coupler conducts more and the voltage over resistor Rl 1 

25 (1 728) grows. This voltage is directly feed to the input of the error comparator of the 
NCP1650 control loop (pin 6 of (1733)). The network form by resistor R8 (1725), 
R9 (1726) and diode (1727) has been added because the feedback network is not 
taken from a ground referenced storage capacitor like in the original application not 
boost converter. The network formed by resistor R8 (1725), R9 (1726) and diode 

30 (1 727) guarantee that there is a minimum voltage in the input of the error comparator 
of the NCP1650 control loop (pin 6 of (1733)) when die reference voltage of the 
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device is enabled after the power-up sequence finishes. The network (1724) is for 
compensating the feedback loop. The values depend on the type of load and the 
specifications of the converter. 

5 Fig. 17D is the controller IC itself, the NCP1650 (1733). All the components in the 
circuit are mandatory as per the manufacturer specifications. Refer to the data sheet 
of the device (ref. 26) and its application notes (page 67 of reference 25). 

Fig. 17D shows an example, in block diagram of the block (1607) in Fig. 16. A 
10 classical push-pull converter has been chosen as an example only. Any type of DC- 
DC or DC to AC converter could be used in block (1607). Detailed operation and 
design methodologies of controller (17E02), MOSFETs (17B03) and (17E04), all 
components coupled with transformer (1 7E05), the output filtering network (7E06 to 
17E10) and the transformer (17E05) itself, can be found in the following references: 

15 

• Reference 3, page 220. 

• Reference 7, page 1 16 and 153. 

• Reference 9, page 37. 

• Reference 10, pages 2.147 to 2.151 and 2.153 to 2.159. 
20 • Reference 11, pages 34 to 38. 

The feedback network for the converter in Fig. 17E is based on the same components 
and operating principle than the feedback network used in Fig 17C. However, 
components R04, C03 and C02, (network 17E16) has been added for completeness. 

25 The network (17E16) is used for dynamic compensation of the feedback loop. In 
most of the circuits of this type, compensation is added around IC5 (17E13). ( Unlike 
however the NCP1650 that is designed so the compensation is added to a pin 7 of the 
chip (1724) in figure 17C ). The graphic in Fig, 17E shows the full wave rectified AC 
mains in the common point of the circuit in the primary side of transformer (17E05). 

30 The reference point of the secondary side can be chosen independently of any other 
point in the circuit (provide that the isolation given by the specifications of the 
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transformer is adequate). In Fig. 17E, earth has been chosen for the common point 
(or "ground terminal") of the output of converter (1607). 

Fig. 17F shows a list of the four different common terminals symbols used in the 
5 circuit. Fig. 17F also shows an example of how the oscillator of NCP1650 can be 
frequency modulated by an external circuit. A microcontroller producing a pulse 
width modulated waveform in the diode terminals of the opto-coupler IC06 (17F08) 
can produce pseudo-random variations in the frequency of the oscillator of the 
NCP1 650 integrated circuit This is another example of the idea disclosed in Fig. 91. 

10 

When current flows though the LED of the opto-coupler IC06 (17F08) the output 
transistor conducts and the pulse width modulated waveform is reproduced over the 
resistor R105 (17F10). Resistor R104 (17F09) is used to drop the voltage of the 
VREF supply by forming a resistive divider with resistor R105 (17F10). Resistor 

15 R103 (17F07) and capacitor C100 (17F06) filter the pulse width modulated signal 
and its low frequency content is available in the non inverting input of the operational 
amplifier IC5 (17F04). The operational amplifier IC5 (17F04) its feedback network 
(R101 (17F03), R100 (17F01) ) and the P channel MOSFET MF5 <17F02), form a 
regulated current source in parallel with the current source of 200 micro-amperes 

20 provided by pin 14 of the CP1650 IC, to charge the timing capacitor CT (1738). 
Resistor R102 (17F05) is included for stability. If R101 is made equal to several 
hundred times the value of R100, the current out of the drain terminal of the P 
channel MOSFET MF5 (17F02) will be the voltage difference between Vrkf and the 
voltage at the non-inverting input of the op-amp IC5 (17F04) divided by the value of 

25 resistance R100 (17F01). In this way, the additional current charging the timing 
capacitor CT (1738), will varied with the low frequency content of the pulse width 
modulated signal at the input of the opto-coupler. 



30 



While only a limited number of embodiments have been disclosed, numerous 
modifications and substitutions can be made without departing from the scope and 
spirit of the invention. 
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